Shape controlled biosynthesis of gold nanoprisms using Cinnamomum tamala leaf extract for mercuric ion sensing by Zohora, Nafisa
  
 
Shape controlled biosynthesis of gold 
nanoprisms using Cinnamomum tamala 
leaf extract for mercuric ion sensing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A thesis submitted in fulfilment of the requirements for the degree of Master of 
Science 
(Applied Biology and Biotechnology) 
 
 
 
 
 
 
 
 
 
 
Nafisa Zohora 
MSc. (Fisheries Biology and Genetics) 
B.Sc. in Fisheries (Hons) 
 
 
 
 
 
 
 
School of Applied Sciences 
RMIT University 
March 2014
  
Declaration 
 
I certify that except where due acknowledgement has been made, the work is that of 
the author alone; the work has not been submitted previously, in whole or in part, to 
qualify for any other academic award; the content of the thesis is the result of work 
which has been carried out since the official commencement date of the approved 
research program; and, any editorial work, paid or unpaid, carried out by a third party 
is acknowledged. 
 
 
 
Nafisa Zohora 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Page | iii 
 
Acknowledgement 
I take this opportunity to acknowledge people without whom I would not be the 
person I am. Their valuable advice, constant inspiration, affectionate feelings and 
constructive criticism throughout the period helps me in obtaining my Master of 
Science (Applied Biology and Biotechnology). 
I am extremely pleased to express my indebtedness and profound sense of gratitude 
to my senior supervisor, Dr. Vipul Bansal for his scholastic guidance, valuable 
suggestions, helpful advice, constructive criticism, constant encouragement and kind 
cooperation in carrying out the research project and writing up of the thesis.  
I also express my heartfelt gratitude, sincere appreciation and profound indebtedness 
to my reverend co-supervisor, Dr. Rajesh Ramanathan, for his valuable suggestions 
and kind cooperation in completion of the research work and preparation of the 
thesis. 
I acknowledge my friend Dr. PR. Selvakannan and Dr. Steven Priver and extent my 
gratitude for their  valuable advice and constant inspiration throughout the period of 
research work and for last minute help by proof reading of my thesis.  
My sincere thanks go to Dr. Lisa Dias, Ms. Zahra Homan, Ms. Ruth Capriano, Mr 
Frank Antolasic, Mr Phill Francis and Mr Peter Rummel for their co-operation and 
assistance during the whole period of work.  
I also thankful to my friends Tibra Mozammel, Dr. Gopa Kar, Dr. Ravi Shukla, Ahmad 
Esmaielzadeh Kandjani, Dr. Neda Mirzadeh, , Dr. Ylias Sabri , Dr. Sarvesh Soni, Dr. 
Sampa Sarkar Soni, Dr. Lily Jaiswal, Dr. Deepa, Hailey Reynolds, Vivian Li, Mahsa 
Mohammadtaheri, Nicholas Joseph Bruzzese, Vishal Mistry, Catherine Carnovale,  
Page | iv 
 
Amanda Abraham, Pabudi Weerathunge, Dedrick Song and Dipesh Kumar for their 
kind cooperation and inspiration throughout the work. 
Cordial cooperation, friendly collaboration, fruitful advice and guidance were received 
from many other persons from the start to the end of this piece of work. I am 
immensely grateful to all of them and regret for my inability to mention everyone by 
name. 
Finally I am ever grateful to my parents and husband for their moral support, constant 
blessings, valuable advice and sacrifice for my studies throughout my academic life 
in RMIT. I owe special debts of gratitude to my entire family members for their 
constant blessing and encouragements during my research work at RMIT University.  
Nafisa Zohora 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Page | v 
 
 
 
 
 
 
 
This thesis is dedicated to, 
My parents, Mrs. Nazma Begum and Mr. Mohammad Waliullah Miah 
and my husband, Mohammed Abu Sayed Faisal  
   
 
 
  
 
 
 
 
  
Page | vi 
 
Table of Contents 
Abstract .......................................................................................................................... 1 
Chapter I : Introduction ................................................................................................. 4 
1.1 Introduction ................................................................................................................ 5 
1.2 Metal nanoparticles ................................................................................................... 6 
1.3 Optical properties of metal nanoparticles-Surface Plasmon resonance .................... 8 
1.4 Gold nanoparticles .................................................................................................. 13 
1.4.1 Catalysis ............................................................................................................... 13 
1.4.2 Optical Coating ..................................................................................................... 14 
1.4.3. Plasmonics and data storage .............................................................................. 14 
1.4.4 Electronics ............................................................................................................ 15 
1.4.5 Therapeutic applications ....................................................................................... 15 
1.4.6 Sensing ................................................................................................................ 16 
1.5 Synthesis of metal nanoparticles ............................................................................. 17 
1.5.1 Biosynthesis of metal nanoparticles by plants ...................................................... 19 
1.6 Mechanism of formation of nanocrystals ................................................................. 23 
1.7 Motivations of this research ..................................................................................... 25 
1.8 Overview of the thesis ............................................................................................. 27 
1.9 References .............................................................................................................. 30 
Chapter II: Characterization techniques .................................................................... 36 
2.1 Introduction. ............................................................................................................. 37 
2.2 UV-vis spectroscopy. ............................................................................................... 37 
Page | vii 
 
2.3 Fourier Transform Infrared Spectroscopy (FTIR) .................................................... 38 
2.4 X-ray diffraction (XRD) ............................................................................................ 41 
2.5 Transmission Electron Microscopy .......................................................................... 44 
2.6 References .............................................................................................................. 46 
Chapter III : Biosynthesis of gold nanoparticles ...................................................... 48 
3.1 Introduction .............................................................................................................. 49 
3.2 Experimental ........................................................................................................... 51 
3.2.1 Leaf extraction ...................................................................................................... 51 
3.2.2 Gold nanoparticle synthesis using the leaf extract ............................................... 52 
3.3 Results and Discussion ........................................................................................... 52 
3.3.1 Influence of extract preparation method on optical properties .............................. 52 
3.3.2 Temperature effect on optical properties .............................................................. 55 
3.3.3 TEM studies of nanoparticles ............................................................................... 58 
3.3.4 X-ray Diffraction study (XRD) ............................................................................... 65 
3.3.5 FTIR analysis ....................................................................................................... 67 
3.4 Conclusion ............................................................................................................... 71 
3.5 References .............................................................................................................. 72 
Chapter IV : Role of Halide ions during biosynthesis of gold nanoparticles ......... 76 
4.1 Introduction .............................................................................................................. 77 
4.2 Role of halide ions in nanoprisms formation ............................................................ 77 
4.2.1. Experimental details ............................................................................................ 77 
4.3 Results and discussion ............................................................................................ 78 
Page | viii 
 
4.3.1 UV-Visible spectral results .................................................................................... 78 
4.3.2 Transmission electron microscopic studies .......................................................... 80 
4.3.3 X-Ray diffraction results (XRD) ............................................................................ 82 
4.3.4 Fourier transform infrared spectroscopic results (FTIR) ....................................... 84 
4.4 Summary and Conclusions ...................................................................................... 86 
4.5 References .............................................................................................................. 87 
Chapter V : Role of CTAB during biosynthesis of gold nanoparticles ................... 89 
5.1 Introduction .............................................................................................................. 90 
5.2 Role of CTAB in nanoprism formation ..................................................................... 91 
5.2.1. Experimental details ............................................................................................ 91 
5.3 Results and discussion ............................................................................................ 92 
5.3.1 UV-Visible spectral results .................................................................................... 92 
5.3.2 Transmission Electron Microscopic studies .......................................................... 94 
5.3.3 X-Ray diffraction (XRD) studies ............................................................................ 96 
5.3 Summary and Conclusions ...................................................................................... 99 
Chapter VI : Mercury ion sensing ............................................................................ 101 
6.1 Introduction ........................................................................................................ 102 
6.2     Experimental ..................................................................................................... 105 
6.3 Results and Discussion ..................................................................................... 107 
6.4 Conclusion ......................................................................................................... 118 
6.5  References ........................................................................................................ 119 
 
Page | ix 
 
Chapter VII : Conclusion ........................................................................................... 121 
7.1 Summary of the work ............................................................................................ 122 
7.2 Scope for future work ............................................................................................ 124 
Table of figures 
Figure 1.1 Plasmon modes of metal nano spheres and nano rods. Here, a) 
represents transvers plasmon mode of spherical nanoparticles and b) corresponds to 
longitudinal and transvers modes of nano rods. Reprinted with permission from ref 
[83] ............................................................................................................................ 10 
Figure 1.2 (a) UV−vis absorption spectra of 9, 22, 48, and 99 nm gold nanoparticles 
in water. (b) The plasmon bandwidth Δλ as a function of particle diameter. Reprinted 
with permission from ref [86]. .................................................................................... 11 
Figure 1.3 SPR tunability of gold-silve bimetallic nanoparticles using  various molar 
fractions of gold and silver.Reprinted with permission from ref [87]. ......................... 12 
Figure 1.4 (a) Absorption spectra of god nanorods and extinction efficiency 0, 10, and 
20 nm snipped nanoprisms. Reprinted with permission from ref [88] [83]. ................ 12 
Figure 1.5 (A) Light scattering images of anti-EGFR/Au nanospheres  (A) and 
nanorods (B) after incubation with cells for 30 min at room temperature. (C) Average 
extinction spectra of anti-EGFR/Au nanospheres (c) and nano rods (D) from 20 
different single cells for each kind. Reprinted with permission from ref [82]. ............. 15 
Figure 1.6 Synthesis protocol of gold and silver nanorods. Transmission electron 
micrograph of gold nanorods that are an average of 500 nm long. Reprinted with 
permission from ref [130]. .......................................................................................... 18 
Figure 1.7 Intracellular synthesis of gold nanoparticles Sesbania drummondii root 
cells and their catalytic role in converting nitrophenol into amino phenol.The catalytic 
Page | x 
 
role was monitored by recording the decreasing the absorption of 4-nitro phenolate 
ions. [156]. ................................................................................................................. 20 
Figure 1.8 TEM micrograph of gold nanotrianles synthesized using Aloe vera extract. 
Repinted with permission from ref [138]. ................................................................... 21 
Figure 1.9 Reaction pathway of formation of different shaped fcc metal nanoparticles. 
The green, orange and purple colors correspond to (1,0,0,), (1,1,1) and (1,1,0) facets 
respectively. Here, the red lines indicates the twin planes and R represents the ratio 
between growth rate of (1,0,0) and (1,1,1)  directional growth. Reprinted with 
permission from ref [52]. ............................................................................................ 24 
Figure 1.10 Transformation of hexagonal plates into triangular plates. Here, (A) and 
(B) represents concave-type surface and convex-type surface respectively.  Concave 
-type surface facilitate this transformation by atomic addition (reprinted with 
permission from ref [52] ............................................................................................. 25 
Figure 2.1 Optical system of a double-beam UV-vis spectrophotometer [3]. ............. 38 
Figure 2.2 Optical system of a FTIR spectrometer. [9] .............................................. 39 
Figure 2.3 Incident X-Rays are diffracted by the layers of atoms in a crystalline 
material (a) and basic model of an X-Ray Diffractometer (b) [13] .............................. 42 
Figure 2.4 Basic model of Transmission Electron Microscope [20, 21] ..................... 45 
 
Figure 3.1 Cinnamomum tamala dried leaf (a) and leaf extract (b). .......................... 51 
Figure 3.2 UV-Vis spectra of gold nanoparticles prepared using the leaf extract 
prepared in an open environment (a) and closed environment (b). ........................... 53 
Figure 3.3 UV-Vis spectra of gold nanoparticles synthesized at 4 ºC (a), 25 ºC (b), 60 
ºC (c) and 80 ºC (d) using different concentrations of leaf extract. ............................ 56 
Figure 3.4 UV-Vis spectra of gold nanoparticles synthesized using 700 µL (a), 800 µL 
(b), 900 µL (c) and 1000 µL (d) leaf extract at different temperature. ........................ 57 
Page | xi 
 
Figure 3.5 TEM images of gold nanoparticles synthesized  at 4 ºC using 100 µL (a), 
200 µL (b),300 µL (c), 400 µL (d), 500 µL (e), 600 µL (f), 700 µL (g), 800 µL (h), 900 
µL (i) and 1000 µL (j) leaf extract. Scale bar is 500 nm in all cases. ......................... 59 
Figure 3.6  Average size of gold nanoparticles synthesized at 4 ºC using 100 µL, 200 
µL, 300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf 
extract. ...................................................................................................................... 60 
Figure 3.7 TEM images of gold nanoparticles synthesized  at 25 ºC using 100 µL (a), 
200 µL (b),300 µL (c), 400 µL (d), 500 µL (e), 600 µL (f), 700 µL (g), 800 µL (h), 900 
µL (i) and 1000 µL (j) leaf extract extracted in closed environment . Scale bar is 200 
nm in all cases. .......................................................................................................... 61 
Figure 3.8 Average size of gold nanoparticles synthesized at 25 ºC using 100 µL, 200 
µL, 300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf 
extract. ...................................................................................................................... 62 
TEM images of gold nanoparticles synthesized at 60 ºC using 200 µL (a), 300 µL (b), 
400 µL (c), 500 µL (d), 600 µL (e), 700 µL (f), 800 µL (g), 900 µL (h) and 1000 µL (i) 
leaf extract. Scale bar is 200nm. ............................................................................... 63 
Figure 3.10 Average size of gold nanoparticles synthesized at 60 ºC using 200 µL, 
300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf extract. . 63 
Figure 3.11 TEM images of gold nanoparticles synthesized  at  80 ºC using 200 µL 
(a),300 µL (b), 400 µL (c), 500 µL (d), 600 µL (e), 700 µL (f), 800 µL (g), 900 µL (h) 
and 1000 µL (i) leaf extract. Scale bar is 200nm in all cases. ................................... 64 
Figure 3.12 Average size of gold nanoparticles synthesized at 80 ºC using 200 µL, 
300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf extract. . 65 
Figure 3.13 X-ray diffraction analysis of gold nanoparticles synthesized  at 4 ºC (a), 
25 ºC (b), 60 ºC (c) and 80 ºC (d) using varying concentration of leaf extract extracted 
in closed environment. .............................................................................................. 66 
Page | xii 
 
Figure 3.14 Fourier transform infra-red spectroscopy of gold nanoparticles 
synthesized  at 4 ºC (a), 25 ºC (b), 60 ºC (c) and 80 ºC (d) using varying 
concentrations of leaf extract. Labels (i), (ii), (iii), (iv), (v), and (vi) refer to the 
vibrational frequencies that correspond to primary alcohol, secondary alcohol, tertiary 
alcohol, ketones, aldehydes and esters, respectively. ............................................... 67 
 
Figure 4.1 UV-Vis spectra of gold nanoparticles formation in the presence of 
increasing amounts of KF (a), KCl (b), KBr (c) and KI (d). ........................................ 79 
Figure 4.2 TEM images of gold nanoprisms obtained in the absence of fluoride ions 
(a1), chloride ions (b1), bromide ions (c1) and iodide ions (d1) and in the presence of 
fluoride ions (a2 to a4), chloride ions (b2 to b4), bromide ions (c2 to c4) and iodide 
ions (d2 to d4) Subscripts 1, 2, 3 and 4 denotes the concentration of 0 mM, 0.01 mM, 
0.4 mM and 2 mM halide, respectively. Scale bar corresponds to 200 nm. .............. 81 
Figure 4.3 X-Ray diffraction patterns of gold nanoprisms (control in all graphs) and in 
the presence of fluoride ions (a), chloride ions (b), bromide ions (c) and iodide ions 
(d). ............................................................................................................................. 83 
Figure 4.4 FTIR spectral results of the extract, gold nanoprisms obtained after the 
reduction of 900 µL)of extract and the same amount of extract in the presence of 
fluoride (a), chloride (b), bromide (c) and iodide (d). ................................................. 85 
Figure 5.1 Images of the gold nanoparticles solution obtained using different volumes 
of extract in the absence of CTAB (row a) and in the presence of 0.1 mM (row b), 
1mM (row c) and 10 mM (row d) CTAB. Subscript 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 
denotes the 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 µL extract used to 
reduce the gold ions respectively. ............................................................................. 92 
Figure 5.2 (a) UV-vis spectra of gold nanoprisms (a) before and (b-d) after the 
addition of increasing amounts of CTAB (b) 0.1 mM (c) 1 mM and (d) 10 mM. ......... 93 
Page | xiii 
 
Figure 5.3 TEM images of gold nanoprisms obtained in the absence of CTAB (row a) 
and in the presence of 0.1 mM (row b), 1mM (row c) and 10 mM (row d) CTAB. 
Subscripts 1, 2 and 3 denote the use of 200 µL, 600 µL, 1000 µL extract, respectively 
used to reduce the gold ions. Scale bar 200 nm. ...................................................... 95 
Figure 5.4  X-Ray diffraction patterns of gold nanoprisms prepared using different 
amounts (200 µL, 600 µL and 1000 µL) of leaf extract in the absence of CTAB 
(control) and in the presence of three different concentrations of CTAB (0.01 mM, 1 
mM and 10 mM) ........................................................................................................ 97 
Figure 6.1 Mercury cycle in the environment. Modified with permission from ref [4].
 ................................................................................................................................ 103 
Figure 6.2 UV-Vis spectra (a) 0.15 mM, (b) 0.1 mM, (c) 0.05 mM and (d) 0.025 mM 
gold nanoparticles and after their interaction with different concentrations of mercury 
ions and NaBH4. ..................................................................................................... 108 
Figure 6.3 Shift in the (a) transverse and (b) longitudinal ∆λmax (nm) of gold 
nanoparticles as a function of different concentrations of mercury ions. ................. 110 
Figure 6.4 TEM images obtained from gold nanoparticles at 0.025 mM concentration 
exposed to different concentrations of HgCl2 in the presence of sodium borohydride. 
Here, (a) Control gold nanoparticles, (b) Control gold nanoparticles with NaBH4, (c) 
0.2 µM HgCl2, (d) 1 µM HgCl2, (e) 2 µM HgCl2, (f) 5 µM HgCl2, (g) 10 µM HgCl2, (h) 
15 µM HgCl2, (i) 20 µM HgCl2 (j) 100 µM HgCl2 and (k) 200 µM HgCl2. Scale bar in 
all figures corresponds to 200 nm. .......................................................................... 111 
Figure 6.5 Schematic diagram of interaction between gold nanoparticles and 
mercuric ions. .......................................................................................................... 112 
Figure 6.6 (a) XRD patterns obtained from biosynthesised gold nanoparticles after 
exposure to different concentrations of mercury ions. (b) XRD pattern of control gold 
Page | xiv 
 
and gold nanoparticles exposed to 200 µM concentration of mercury showing the 
formation of additional peaks................................................................................... 113 
Figure 6.7 FTIR spectra of (a) leaf extract, gold nanoparticles and gold nanoparticles 
in the presence of NaBH4. (b) FTIR spectra of gold nanoparticles exposed to 
different concentrations of HgCl2 in the presence of reducing agent, NaBH4. The 
numbers (i), (ii), (iii), (iv), (v), and (vi) corresponds to vibrations arising from primary 
alcohol, secondary alcohol, tertiary alcohol, ketones, aldehydes and esters, 
respectively. ............................................................................................................ 114 
Table of Schemes 
Scheme 1.1 Possible zero dimensional (0D), one dimensional (1D) and two 
dimensional (2D) nanomaterials based on the constraint. ........................................... 7 
Scheme 3.1 Possible reaction based on FTIR spectra. ............................................. 69 
Scheme 6.1: A schematic representing the possible mechanism involved during the 
reduction of Au3+ to Au nanoparticles, the reversible esterification and Hg2+ promoted 
irreversible hydrolysis of esters. .............................................................................. 116 
Table of Tables 
Table 1.1 Different shaped metal nanocrystals. Reprinted with permission from ref 
[52]. ............................................................................................................................. 8 
Table 1.2 Extracellular syntheses of gold nanoparticles with different plant extract .. 22 
Table 4.1 Concentration of chloroauric acid, halide ion concentration and the final 
volume ....................................................................................................................... 78 
Table 5.1 Concentration of chloroauric acid, volume of leaf extract, overall CTAB 
concentration and the final volume. ........................................................................... 91 
Table 6.1: Final concentrations of Au nanoparticles, NaBH4 and HgCl2 used for 
Mercury ion sensing applications. ........................................................................... 106 
Page | 1 
 
Abstract 
Biosynthesis of metal nanoparticles using microbes, plants and plant extracts 
provides a viable alternative green approach for nanoparticle synthesis in 
comparison to conventional chemical approaches. The use of biosynthesis offers 
significant advantage over chemical synthesis in context of reduction of energy 
consumption, generation of hazardous by-products and the potential toxicity of 
nanomaterials. In particular, the use of plant extracts to fabricate nanomaterials 
allows integrating the biocompatibility, antipyretic, anti-oxidative and cathartic 
properties of phytochemicals on to the nanoparticles broadening the applicability of 
these nanoparticles.  
Although the field of biosynthesis has been extensively studied, the critical role 
of the physico-chemical environment on nanoparticle formation is an area that needs 
attention due to the previous limited efforts in this area. Additionally, the use of such 
biosynthesised nanoparticles for different applications has also been a significant 
challenge that needs to be addressed. The idea behind the current work focuses on 
understanding the role of the physico-chemical environment in controlling the optical 
properties of gold nanoparticles synthesised using Cinnamomum tamala leaf extract. 
This control over the optical property was further utilised to show the applicability of 
these gold nanoparticles for mercury ion sensing. The research will therefore provide 
important information on the role of individual environments viz. physical (extraction 
method, temperature and amount of reducing agent) and chemical (halide ions and 
surfactant) in controlling (i) the rate of reduction of gold ions, (ii) the tunability of 
optical properties, (iii) shape of nanoparticles and (iv) size of nanoparticles. The work 
presented herein is divided into four sections each focussing on different aspects of 
research.  
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Firstly (Chapter 3), the important role of the physical parameters in controlling 
the shape, size and optical property of nanoparticles is addressed. Primarily the 
method of extraction was assessed to provide experimental evidence for providing 
reproducible optical tuning of the gold nanoparticles. The reproducibility was 
assessed using different extract concentrations. Further, as temperature is known to 
influence the rate of reduction of metal ions and reaction kinetics, synthesis of gold 
nanoparticles at different temperatures using different amount of plant extracts thus 
established its critical role in controlling the size and shape of gold nanoparticles. The 
use of different temperatures allowed high degree of tunability in the surface plasmon 
resonance with lower temperatures promoting anisotropic growth of nanoparticles. 
This study, for the first time, also provided mechanistic understanding into the role of 
functional groups present in plant extract in reducing and stabilising the 
nanoparticles.  
Secondly (Chapters 4 and 5) provide information on the role of externally 
added chemical agents in controlling the shape, size and optical properties of gold 
nanoparticles. In particular, the effect of halide ions was addressed and its role in 
promoting specific facets of gold was studied. More importantly, the role of a 
surfactant (CTAB) during biosynthesis showed for the first time, branch-like super 
structures of gold providing clues into its role in assisting hierarchical assemblies.  
The final aspect (Chapter 6) of this thesis provides evidence of the practical 
applicability of biosynthesised gold nanoparticles in mercury ion sensing. This was 
achieved by studying the change in the transverse and longitudinal surface plasmon 
resonance (SPR) features in response to interaction of biosynthesised gold 
nanoparticles with mercury ions. This addresses a significant problem as obtaining 
monodisperse anisotropic nanoparticles is a challenge for mercury ion sensing and 
employment of both transverse and longitudinal SPR features for mercury ion 
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sensing provides an opportunity to employ mixed shape population of gold 
nanoparticles for this application. The mechanistic understanding gained from these 
studies further suggests for the first time, the important role of phytochemicals 
present on the surface of nanoparticles in mercury ion binding leading to change in 
the SPR features.  
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Chapter I  Introduction  
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1.1 Introduction  
The field of nanoscience and nanotechnology is about designing new 
functional materials in nanoscale dimension and varying their physical, chemical and 
biological properties by changing their size, shape, composition and morphology in 
order to customize them to be suitable for therapeutics [1-10], diagnosis [11-15], 
electronics [16-18], catalysis [19-29] and sensing [30-37] applications. One of the 
interesting aspects of these nanomaterials is that they have different 
physicochemical properties as compared to their atomic and bulk analogues. Metal 
nanoparticles such as gold, silver and copper exhibits intense surface plasmon 
resonance absorptions in the visible region [38-40], while semiconductor 
nanoparticles (quantum dots) such as CdSe, CdTe show size dependant optical 
emissions [41-43]. In fact all the properties can be varied by simply fabricating them 
into different sizes and shapes. In addition to the aforementioned intrinsic properties, 
these materials possess very high surface to volume ratio [44]. As a result, majority 
of the inorganic nanomaterials are very good catalysts [19-29, 45]. Therefore the 
scope of the nanoscience and technology in different areas of science expands with 
the introduction of every new functional nanomaterial.  
As stated earlier, size, shape and composition of nanomaterial should be 
tailored in a way to obtain the desired physicochemical properties. Therefore 
controllable variation of size, shape and composition can be achieved during their 
synthesis. In general, synthetic methods can be broadly classified into two major 
categories, which are ‘top down’ [46, 47] and ‘bottom up’ [48, 49] approaches of 
making nanomaterials. Top down approach generally involves physical methods 
such as ball milling [50], lithographic techniques [46, 47] and laser etching [51], 
wherein the bulk material or structure are scaled down until the desired size is 
obtained. However through techniques like ball milling, it is hard to obtain very small 
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nanomaterials, while lithographic techniques become expensive when very small 
nanostructure are designed [46, 47, 50]. In contrast, bottom up approach involves 
generally chemical and biological methods, wherein nanoparticles of desired size and 
shape can be made from the in-situ generation of atomic/molecular precursors as a 
result of a chemical or biological reaction, subsequent assembly of these precursors 
into clusters, followed by nucleation and growth. Physical and chemical parameters 
are controlled in such a way to control the rate of nucleation, growth and 
atomic/molecular precursor formation and addition of external agents to arrest the 
growth to obtain the nanomaterial of desired size and shape [52]. In some cases, 
homogenous population of nanoparticles can be obtained by using centrifugation [53] 
and filtration [54] to separate particles of large size from small size in solution phase 
synthesis. Anisotropic nanoparticles are usually formed when external templates like 
surfactant micelles, polymer micelles or certain ions are present during the synthesis 
[55-58]. It is generally believed that these surfactants or ions specifically bind with the 
certain crystalline planes of growing nanocrystal in order to inhibit its growth, while 
growth continues in other crystalline planes that eventually result in the formation of 
nanoparticles. Another theory is the template directed nanoparticles growth wherein 
the growth of the nanocrystal is directed to grow on the existing micellar template [59, 
60].  
1.2 Metal nanoparticles 
Nanoparticles are particles of which at least one dimension falls in the range 
between 1-100 nm as shown in Scheme 1.1 [61]. Metal nanoparticles have been 
used as decorants in glasses during the Roman period and due to their presence, 
these glasses show different colours when these were viewed through transmitted 
light and reflected light [62].  
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Scheme 1.1 Possible zero dimensional (0D), one dimensional (1D) and two 
dimensional (2D) nanomaterials based on the constraint.   
Noble metals such as gold and silver nanoparticles have been regularly used 
in the field called plasmonics [63-65] and function as substrates to enhance the 
Raman scattering of the adsorbed molecules (Surface Enhanced Raman Scattering) 
[66]. These nanoparticles have been used in number of biological applications such 
as immunogold labelling [67, 68], antibacterial [69, 70] and X-ray contrast agents [71, 
72]. Platinum (Pt) and Palladium nanoparticles have been demonstrated as good 
catalysts for many hydrogenation reactions [73, 74]. Therefore the applications of 
metal nanoparticles in different areas are becoming an emerging area of interest.  
In the case of metal nanoparticles, they can be synthesized with a variety of 
shapes as well as different sizes using different chemical, biological, photo and 
electrochemical routes. For example: sphere, cube, octahedron, tetrahedron, 
rectangular bar, octagonal bar, right bipyramid, decahedron, icosahedron, triangular 
and hexagonal plates and circular, square, rectangular, pentagonal, octagonal rod 
and wires have been synthesized to date (Table 1.1) [52].  
As the major focus of the presented work herein is about the synthesis of anisotropic 
gold nanoparticles, their optical properties and mercury ion sensing applications, it is 
appropriate to review the optical properties of gold and other noble metal 
nanoparticles in detail. 
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Table 1.1 Different shaped metal nanocrystals. Reprinted with permission from 
ref [52]. 
 
 
1.3 Optical properties of metal nanoparticles-Surface 
Plasmon resonance 
Noble metal nanoparticles like gold, silver and copper exhibit intense optical 
absorptions or bright colours in the visible region of the electromagnetic spectrum. 
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This was the reason that these nanoparticles have been used as colorants in stained 
windows of the Cathedrals [75]. Later Micheal Faraday synthesized gold 
nanoparticles or colloidal gold, which has been stable for these many years [76]. This 
revived the interest to study their interesting optical properties when metals are made 
in a nanocrystalline form. Mie has developed a theory to explain their absoprtion by 
using Maxwells equations of scattering and this intense absorption was due to 
Surface Plasmon Resonance (SPR) [77, 78]. Since from the Mie theory, this field has 
stimulated a great deal of interest and past few decades witness the SPR based 
applications in sensing, diagnostics and therapeutics.  
Light is an electromagnetic radiation and when a metal particle is exposed to 
light, the surface electrons set into oscillations. These light induced oscillations of 
electrons cause temporary polarization, while the electrostatic interactions between 
the cations and electrons act as restoring force to bring back the oscillating electrons 
into its original state. This is called dipolar oscillation of electrons and this is shown in 
Figure 1.1. In a specific frequency, amplitude of this oscillation reaches to its 
maximum which is termed as Surface Plasmon Resonance [79-82] In particular, gold, 
silver and copper nanoparticles have strong SPR  bands than in other metals [82]. 
Intensity and wavelength of SPR bands depends on metal type, particle size, shape, 
structure, composition and the dielectric constant of the surrounding medium [82, 84, 
85]. In the case of spherical nanoparticles, due to its isotropic nature, only one type 
of dipolar oscillating SPR frequencies is observed. However anisotropic shapes for 
instance nanorods and nanoprisms can exhibit two kinds of dipolar oscillating SPR 
frequencies, which result in two major SPR bands in their visible spectrum (Figure 
1.1). As mentioned earlier, the size of the nanoparticles also plays a key role in 
controlling the position of surface plasmon resonance absorption of the 
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nanoparticles. In general, the extinction spectrum recorded from these nanoparticles 
usually consists of absorption and scattering components. 
 
Figure 1.1 Plasmon modes of metal nano spheres and nano rods. Here, a) 
represents transvers plasmon mode of spherical nanoparticles and b) 
corresponds to longitudinal and transvers modes of nano rods. Reprinted with 
permission from ref [83] 
When the particle size is below 20 nm, the scattering contribution to the total 
extinction vanishes and only absorption dominates. It was also reported that plasmon 
bandwidth increases with decrease in size of metal nanoparticles when it is smaller 
than 25 nm [82]. However, plasmon bandwidth increases with increase in size of 
nanoparticles when it is larger than 25 nm [86]. There is a considerable red shift in 
the plasmon frequency of the metal nanoparticles, when the size becomes bigger. 
This is primarily due to their higher scattering efficiency, therefore larger 
nanoparticles are used in imaging while smaller nanoparticles are preferred for photo 
thermal therapy where absorbed light energy is mainly converted to heat energy [82]. 
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Figure 1.2 (a) UV−vis absorption spectra of 9, 22, 48, and 99 nm gold 
nanoparticles in water. (b) The plasmon bandwidth Δλ as a function of particle 
diameter. Reprinted with permission from ref [86]. 
Composition of nanoparticles is another parameter, by which the position of 
SPR absorption can be tuned. For example spherical gold nanoparticles absorb 
around 520 nm, while silver nanoparticles absorb around 420 nm. However an alloy 
nanoparticles that is formed from these two metals show SPR absorptions bands that 
is highly dependent upon the fraction of gold and silver as shown in Figure 1.3. 
Shape of the nanoparticles is the most important factor that not only controls the 
position of SPR absorption bands but also creates additional SPR absorption bands 
due to the anisotropy created by the shape of the nanoparticles. For example gold 
nanorods show two distinct SPR bands called transverse SPR and longitudinal SPR 
band, which is due to the two kinds of oscillations of electrons along the short and 
long axis of the nanorods. 
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Figure 1.3 SPR tunability of gold-silve bimetallic nanoparticles using  various 
molar fractions of gold and silver.Reprinted with permission from ref [87]. 
Again, It was also reported that while perfect triangles gives longitudinal 
absorption peak maxima at 770 nm, 20 nm snipping of the tip could blue shifted the 
SPR band by 100 nm [83]. In a similar manner, nanoprisms have also shown two 
kinds of SPR bands called in-plane and out-of-plane SPR bands, which originate 
from the dipolar oscillating frequency in the same plane and out of the plane. 
 
 
Figure 1.4 (a) Absorption spectra of god nanorods and extinction efficiency 0, 
10, and 20 nm snipped nanoprisms. Reprinted with permission from ref [88] 
[83]. 
Among the different noble metals, gold nanoparticles occupy an important 
position due to their tunable optical properties as a function of size, shape and 
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composition and also their biocompatibility, stability and simple steps to obtain 
desired functionalization makes them excellent materials. 
1.4 Gold nanoparticles 
Some unique properties of gold make it suitable to use in nano dimensions.  
Usually most of the metal nanoparticles except gold and platinum show instability in 
the metallic form at the nano dimensions when it is prepared in the open air [62]. This 
is due to growth of surface oxides of those metal nanoparticles up to several 
micrometres before acquiring self-passivating state which eventually destroys shape 
or properties of nanoparticles [62]. For example, silver nanoparticles cannot survive 
more than few hours and copper sponge shows pyrophoricity in the air [62]. In 
addition to this, gold nanoparticles show affinity to sulphur-terminated organic 
molecules which makes it good choice to be used it as a substrate for self-assembled 
monolayers [89]. Gold nanoparticles exhibit optical features like Ag and Cu 
nanoparticles [90, 91]. However, production and retention of Ag and Cu is 
challenging because of their reactivity [62]. Although platinum is also an inert element 
like gold, it does not show similar strong optical response like gold. These unique 
properties of gold nanoparticles are the motivation behind this research work. There 
are varieties of applications using gold nanoparticles reported in the literature and it 
is increasing day by day. Some of these applications are discussed in the following 
sections.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
1.4.1 Catalysis 
Although bulk gold is relatively inert and known as poor catalyst, gold 
nanoparticles (below 5 nm) are highly active when deposited on metal oxides or 
activated carbon. In some reactions, gold nanoparticles have shown excellent 
selectivity and higher yield. They can work at lower temperature than many other 
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catalysts, for example, they can catalyse the oxidation of CO at -56 ºC [92]. Oxidation 
of hydrocarbons [93], cyclohexanol and cyclohexanone from cyclohexane [94], vinyl 
acetate from ethene [95], methyl glycolate from ethylene glycol [96], propene oxide 
from propene[97], organic acids from sugar and glycerol [98], hydrogen peroxide 
synthesis [99] and hydrogenation [100] are some of the examples of reactions that 
are catalysed by Au or Au-PGMs (Platinum group metals) . 
1.4.2 Optical Coating 
Metal nanoparticles can be generally coated on the surface of a glass in the 
form of thin films that can selectively block or transmit a specific range of 
electromagnetic spectra [62]. Some of the nanoparticulated form of gold have shown 
intense absorptions in the NIR region, so a thin film on the surface of glass can 
effectively filter the NIR radiation from the solar light, which has advantages to 
reduce the energy  inputs towards the air-condition costs [62, 101]. Hemi-sphericle 
gold nanoparicles in high density were used for optical coating [102]. However, gold 
nanorods and nanoshells exhibits increased efficiency for optical coating due to their 
enhanced optical response and tuneable absorption peak maxima [62, 103].   
1.4.3. Plasmonics and data storage 
The increasing demand for high density data storage has prompted 
researchers to exploit of spectral encoding, where optical properties could be used 
instead of magnetic.  In particular, promising application of gold nanoparticles could 
be in the field of optical data storage [104]. Gold nanorods are suitable for high 
density data storage because of their thermal and chemical stability, resistance to 
bleach or age and tuneable and polarization dependent optical properties [104].  
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1.4.4 Electronics 
Gold nanoparticles can be used as conductors. Plastic compatible and low 
resistance printable gold nanoparticle conductors can be a viable alternative for 
reducing fabricating costs including those associated with substrate, lithography and 
vacuum processing [105]. Gold nano clusters protected by alkanethiols can be 
dissolved in solvents such as toluene, THF and hexane to make it suitable for 
printing on plastics [105]. 
1.4.5 Therapeutic applications 
Another important application of gold nanoparticles is their use in therapeutics which 
mainly correlates to their optical property (Figure 1.5). For biomedical applications, 
typically those gold nanoparticles have been chosen which exhibit absorbance peak 
in the range of 650 nm-900 nm [3, 106, 107].  
 
Figure 1.5 (A) Light scattering images of anti-EGFR/Au nanospheres  (A) and 
nanorods (B) after incubation with cells for 30 min at room temperature. (C) 
Average extinction spectra of anti-EGFR/Au nanospheres (c) and nano rods (D) 
from 20 different single cells for each kind. Reprinted with permission from ref 
[82]. 
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This is due to absorption coefficient of haemoglobin and water. Haemoglobin and 
water are the primary absorbers of visible and infrared region, respectively, of the 
electromagnetic spectra [106]. Hence they give lowest absorption coefficient within 
650nm-900nm wavelength and facilitate penetration of light up to 10 cm in the soft 
tissues [106]. Gold nanoparticles also been used for photo thermal therapy of 
tumours. For this purpose, nanoparticles are conjugated with specific antibody of 
targeting cell line. After injecting those nanoparticles, they bind with specific cells that 
express some specific characteristics. Later on, laser irradiations have been used to 
destroy cells by plasmonic heating [62].   Gold nanoparticles have also used in drug 
delivery and DNA transportation by simply attaching those on the surface of 
nanoparticles [62].  
1.4.6 Sensing 
The optical properties of gold nanoparticles make them candidates for sensing 
applications. They have widespread use in making colorimetric sensors [108-110], 
surface plasmon resonance sensors [111, 112], electrochemical sensors [113, 114] 
and surface enhanced Raman spectroscopy based sensors [115].  
A few researches had been conducted on making sensors of metal 
nanoparticles that are synthesized using plant extract. Singh et al. [53] reported that 
biologically synthesized gold nano triangles show sensitivity for mercury sensing. In 
this research they synthesized gold nano triangles using lemon grass extract. As 
mercury possesses unique property of amalgamation with metals and especially 
shows high affinity for gold, they use this property to sense mercury. They reduced 
mercury ions in the presence of gold nanotriangles and observed a significant 
change in longitudinal plasmon absorption band and in morphology of nanoparticles. 
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 Anthony et al. [116] synthesized silver nanoparticles using lemon extract and 
reported that silver also exhibits sensitivity to detect mercury. They showed that 
mercury can be sensed with biologically synthesized silver nanoparticles in a wide 
pH range (3.2 and 8.5). 
1.5 Synthesis of metal nanoparticles 
It has been shown in the previous section that the applications of metal 
nanoparticles in different fields can be explored by using interesting optical, 
electronic and other physicochemical properties of nanoparticles. Therefore 
numerous chemical, physical and biological methods have been developed to date to 
synthesize metal nanoparticles. Vapor deposition [117, 118], thermal decomposition 
[119-121], spray pyrolysis [122, 123], photo irradiation [124], laser ablation [125, 
126], ultra sonication [127], radiolysis [128] and solvated metal atom dispersion [129] 
are some of the examples of synthesizing metal nanoparticles using physical 
methods. However these methods are used to make thin films of nanoparticles and 
obtaining size and anisotropic nanoparticles are quite difficult.  Chemical methods 
making nanoparticles offer better control over size, shape, composition and 
morphology [130], therefore these methods become more popular to synthesize 
metal nanoparticles. Chemical reduction of metal ions in the presence of surfactants 
(or polymers), sol-gel method [131, 132], solvothermal synthesis [133, 134], micelles 
based synthesis [135] and galvanic replacement reaction [136, 137] are the notable 
examples of chemical methods. In spite of being simple synthesis, better control over 
size and shape, these chemical methods involve toxic precursors, presence of toxic 
surfactants and polymers on the surface, which raises serious concerns of these 
nanoparticles biocompatibility and other environmental applications. Moreover, 
synthesis of anisotropic nanoparticles like nanorods, nanoprisms are usually 
synthesized by multi-step procedure as depicted in Figure 1.6 
Page | 18 
 
 
Figure 1.6 Synthesis protocol of gold and silver nanorods. Transmission 
electron micrograph of gold nanorods that are an average of 500 nm long. 
Reprinted with permission from ref [130]. 
As an alternative to these wet chemical methods, development of non-
hazardous and ecofriendly ‘green’ approaches has been emphasised for the 
synthesis of metal nanoparticles in the recent times. A wide range of biological 
entities including plants [138, 139], algae [140], bacteria [38, 141-144], fungi [145, 
146] and yeast [147] can be used for biological synthesis of metal nanoparticles. 
However, there are some limitations of using microorganisms as it demands a lot of 
precautions to avoid health hazard as well as complex and time consuming 
procedures.  
Replacing the chemical and microroganisms based reduction of metal ions by 
extracts of plants and herbs for reducing, stabilizing and controlling the shape of the 
nanoparticles could be a potential alternative green chemical approach to make 
metal nanoparticles. The variety of different plants, their leaves, stems and all other 
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parts provide huge variety of choices, which can be screened to identify the right 
extract to obtain nanoparticles of desired size and shape.  Furthermore, it could give 
some added advantages when nanoparticles are used for therapeutic applications as 
some of the plant extracts have medicinal uses due to their antipyretic [148], 
antioxidative [149] and cathartic properties [150].  
In this context, metal nanoparticles synthesized using several leaf extracts 
have been reported in the literature. Leaf extracts of lemongrass [40], neem [151], 
tamarind [30], aloe vera [138], coriander [152], geranium [153] and tea plant [154] 
have been demonstrated to synthesize gold and silver nanoparticles of desired size 
and in some cases, they tend to form anisotropic nanoparticles in a single step. The 
following section gives more detailed investigation on biosynthesis of nanoparticles 
using leaf extracts as the major focus of the thesis is to synthesize anisotropic 
nanoparticles of gold using leaf extract. 
1.5.1 Biosynthesis of metal nanoparticles by plants 
Biosynthesis of metal nanoparticles by plant extracts falls into two major 
categories of intracellular synthesis and extracellular synthesis. The plants live 
proximal to the mines, were known to accumulate metals is a kind of intracellular 
synthesis. Metal ions are quite toxic as compared to metals, therefore to detoxify the 
ions, these ions are usually reduced within the cell to form non-toxic nanoparticles. 
Brassica juncea and Berkheya coddii are examples of plants that are used for 
intracellular synthesis of gold nano particles [155]. Gold nanoparticles were reduced 
intracellularlly  within the root cells of Sesbania drummondii and the Figure 1.7 shows 
the TEM images of the presence of nanoparticles within the cell. However these 
nanoparticles were found to have catalytic activity towards reduction of nitro phenol 
into amino phenol. 
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Figure 1.7 Intracellular synthesis of gold nanoparticles Sesbania drummondii 
root cells and their catalytic role in converting nitrophenol into amino 
phenol.The catalytic role was monitored by recording the decreasing the 
absorption of 4-nitro phenolate ions. [156]. 
In contrast to the intracellular synthesis of nanoparticles, aqueous extracts of 
leaves, stems and other parts of the plant were used to synthesize nanoparticles in 
the case of extracellular synthesis. Geranium leaf extract was first demonstrated in 
this category for synthesis of metal nanoparticles by Shankar et al. [157]. They have 
used the extract of leaf, stem and root of geranium for the biological reduction of gold 
ions. Synthesized gold nanoparticles using leaf broth exhibits SPR band at 551 nm. 
In this reaction alcohol groups of terpenoids reduce gold ions to form gold 
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nanoparticles and they turn into carbonyl groups where amide (II) bands of protein 
works as stabilizing agent. With the leaf extract they got decahedral and icosahedral 
gold nanoparticles with a size range of 20-40 nm. 
 
Figure 1.8 TEM micrograph of gold nanotrianles synthesized using Aloe vera 
extract. Repinted with permission from ref [138]. 
This work stimulated a lot of interest in this area of research, therefore 
different leaf extracts of different plants have been tested. Lemon grass extract was 
reported to be used for synthesis of triangular gold nanotriangles and spherical gold 
nanoparticles. Triangular gold nanoparticles range in size from 0.05 to 1.8 µm and 
range in thickness from 8 to18 nm respectively. They found that gold nanoparticles 
are face centred cubic crystalline in structure through selected area electron 
diffraction analysis (SAED) Fourier transform infrared (FTIR) spectroscopy confirmed 
that aldehydes/ketones bind on the surface of gold nanoparticles [40]. The following 
list briefly mentions the different leaf extracts used for the synthesis of metal 
nanoparticles reported in the literature. Leaf extract of neem reported to form 
triangular and spherical gold nanoparticles when they were used to reduce gold ions. 
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Especially triangular nanoparticles are thinner in structure with the size range of 50-
100nm. The presence of flavones and terpenoids were claimed as reducing and 
stabilizing agents during synthesis of gold nanoparticles [151] 
Table 1.2 Extracellular syntheses of gold nanoparticles with different plant 
extract  
Common 
name 
Scientific 
name 
Part Nano 
Particle 
Morphology Size Ref. 
Lemongrass Cymbopogon 
flexuosus 
Leaf Au0 Triangle, 
spherical 
0.05-1.8 
µm 
[40] 
Neem Azadirachta 
indica 
Leaf Au0 Spherical, 
triangle, 
hexagonal 
50-35 nm [151] 
Tamarind Tamarindus 
indica 
Leaf Au0 Flat-triangle, 
hexagonal 
20-40 nm [30] 
Aloe vera Aloe 
barbadensis 
Leaf Au0 Spherical, 
triangle 
50-350 
nm 
[138] 
Camphor 
tree 
Cinnamomum 
camphora 
Leaf Au0 Flat, plate-
like triangle 
55-80 nm [158] 
Indian 
Borage 
Coleus 
amboinicus 
Leaf Au0 Spherical, 
truncated 
triangle, 
hexagonal 
4.6-55.1 
nm 
[159] 
Tea plant Camellia 
sinensis 
Leaf Au0 Triangles ~ 40 nm [154] 
Henna Lawsonia 
inermis 
Leaf Au0 Spherical, 
triangular 
7.5-65 
nm 
[160] 
Phyllanthus Phyllanthus 
amarus 
Leaf Au0 Hexagonal, 
triangular, 
rod-shaped, 
spherical 
18-38 nm [161] 
Magnolia Magnolia 
kobus 
Leaf Au0 Triangles, 
pentagons, 
hexagons, 
spherical 
5-300 nm [162] 
Indian 
pennywort 
Centella 
asiatica 
Leaf Au0 Triangular, 
hexagonal 
9.3-10.9 
nm 
[163] 
European 
mountain 
ash 
Sorbus 
aucuparia 
Leaf Au0 Spherical, 
triangular, 
hexagonal 
18 nm [164] 
Cinnamon Cinnamomum 
zeylanicum 
Leaf Au0 Nanoprism, 
spherical 
25 nm [165] 
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1.6 Mechanism of formation of nanocrystals 
The mechanism of formation of nanocrystals can be explained based upon 
two routes: decomposition and reduction. According to decomposition route [166], 
initially precursors decomposed to zero-valent atoms and the concentration of these 
atoms increases with time until reaches to point of super saturation. At this stage 
atoms start to aggregate to form nuclei. The nuclei then forms nanocrystals and 
increase their size. This increase of size continues until equilibrium reaches between 
the surface atoms on the nanocrystals and the solution atoms. On the other hand, 
according to reduction route [52, 167-170], it was proposed that as oxidation state of 
precursors is much higher than that of atoms, they need not to reduce to form zero-
valent atoms to make nuclei. They can directly form nuclei from precursors and add 
to similar nuclei to generate nanocrystals.  
According to crystallographic theories [52, 171], formation of nanoplates is 
only possible if it possesses planar defects. As the crystal structure of fcc metals are 
cubic and also follows cubic close packing (ccp), spontaneous formation of one-
dimensional or two-dimensional nanocrystals is extremely difficult. Anisotropic growth 
of nanocrystals is only possible if stacking faults or twin defects are introduced in it 
[52, 172-174] (Figure 1.10). Usual sequence of ccp lattice is ABCABCABC. However, 
if this sequence is disrupted in one or two layers, stacking fault is introduced. The 
mirror image of stacking faults is called twin defect [175]. When reaction (reduction or 
decomposition) becomes very slow, nuclei and seeds  
undergo random hexagonal close packing (rhcp) during formation and include 
stacking faults [176, 177]. Planar defect is common in case of Au and Ag because of 
their lowest energy barriers against it [175,178,179]. For having six-fold symmetry, 
fcc lattice forms hexagonal plates initially when one stacking fault or twin is 
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introduced [52]. Due to this planar defect it produces convex and concave side 
crystal facets [171]. As the convex surfaces possess very low stabilization energy, 
there is a tendency of the surface atoms to dissolve into solution again and thus they 
block the convex surfaces and prevent addition of atoms by introducing high energy 
barrier [52]. 
 
 
Figure 1.9 Reaction pathway of formation of different shaped fcc metal 
nanoparticles. The green, orange and purple colors correspond to (1,0,0,), 
(1,1,1) and (1,1,0) facets respectively. Here, the red lines indicates the twin 
planes and R represents the ratio between growth rate of (1,0,0) and (1,1,1)  
directional growth. Reprinted with permission from ref [52]. 
On the other hand, concave faces possess high stabilization energy which is 
favourable for addition of atoms [52]. By fast addition of atoms on the concave faces, 
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they reach to their final shape, triangular plates which surrounded by three convex 
faces.  Thus they make their surfaces unfavourable for atomic addition [52] (Figure 
1.10).  
 
Figure 1.10 Transformation of hexagonal plates into triangular plates. Here, (A) 
and (B) represents concave-type surface and convex-type surface respectively.  
Concave -type surface facilitate this transformation by atomic addition 
(reprinted with permission from ref [52] 
However, according to redox chemistry theories [174], capping agents binds to 
preferential crystal facet of nanocrystals in solution phase synthesis [180, 181]. Thus 
they direct the shape of nanocrystals by hinder the growth on a particular facet 
through completely blocking the addition of atoms on it and directing the growth on 
the other facet [182, 183]. 
1.7 Motivations of this research 
 Biosynthesis of nanoparticles using plant leaf extract has been an active 
research area for the past ten years due to their simple and greener way of 
synthesizing nanoparticles, biocompatibility and the medicinal benefits of 
phytochemicals integrated with the physicochemical properties of nanoparticles. 
However this field of research needs detailed studies to investigate the extract 
preparation method, different functional groups present in the leaf extract, their role in 
reduction mechanism of metal ions, shape control of these nanoparticles in the 
absence and presence of external shape directing agents, tunability in size, shape 
and SPR absorption etc. Therefore the research work presented in the thesis aims to 
address these afore-mentioned issues, wherein synthesis of gold nanoprisms by the 
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reduction of gold ions using Cinnamomum tamala leaf extract is taken as one of the 
representative examples of biosynthesis and studied in detail. Most of the 
biosynthesis of nanoparticles reported in the literature focussed on shape controlled 
synthesis of metal nanoparticles using these biological methods, but only few of them 
demonstrated size and shape control of nanoparticles and the resultant optical tuning 
of SPR absorption bands [184]. Since biological synthesis of nanoparticles is a more 
complex phenomenon as compared to the chemical reduction of metal ions, which is 
relatively simple and therefore more thoroughly studied. Due to the complexity in 
understanding the reduction mechanism, it is hard to predict the role of different 
biochemicals on shape of the nanoparticles and other properties. This could be the 
main reason, why not much variation has been done in the past in biosynthesis of 
nanoparticles to control the shape of the nanoparticles and their optical tuning of 
SPR absorption bands. In the present work, an attempt has been made to establish 
the role of molecules involved in reduction of gold ions, role of molecules involved in 
shape control, effect of physicochemical parameters on the shape control etc. Even 
variation in the preparing of extract by different methods was studied and it was 
demonstrated here that it actually played a vital role. Another area in the biosynthesis 
of nanoparticles that has not been studied in detail is the role of external shape 
directing agents such as halide ions and Cetyltrimethylammonium bromide (CTAB) if 
they are present during the biosynthesis. Though effect of halide ions based on only 
one concentration has been reported [185], effect of different concentration of halides 
in this route not yet been studied. There is not much research work that has been 
conducted in this field to understand effect of CTAB and synthesis temperature on 
size and shape of nanoparticles in details. Moreover, the application of this greener 
approach of making nanoparticles in environmental related problems needs future 
investigation. Some of the recent studies have shown that biologically synthesized 
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nanoparticle was used in toxic mercury ion sensing [53, 116]. Singh and coworkers 
reported mercury ion sensing as a function of change in absorbance ratio of two SPR 
bands [53]. In another approach, mercury ion sensing was correlated with the shift in 
transvers SPR bands of biologically synthesized silver nanoparticles [116]. However, 
selectivity of these methods and detection limit of mercury ion was restricted, 
therefore new ways of detecting the mercury ion needs to be developed to bring in 
the desired selectivity, lower detection and quantitative ability.  
1.8 Overview of the thesis 
In previous sections it has been demonstrated that there are a range of 
applications of gold nanoparticles because of their different properties and a range of 
synthesis protocols had been established to synthesize gold nanoparticles of 
different shapes and sizes. In this research, a detailed study on synthesis of gold 
nanoprisms using C. tamala leaf extract has been demonstrated. Influence of 
different ions during synthesis and the potential of biologically synthesized gold 
nanoparticles to detect mercury have been reported here as well. This research 
mainly focuses on fine tuning of SPRs, control over morphology of gold nanoparticles 
and reaction mechanism during synthesis. 
Chapter 2 describes the range of instruments used in this research for 
characterization of nanoparticles. Gold nanoparticles that are synthesized using C. 
tamala leaf extract were characterized using UV-visible spectroscopy, Transmission 
electron microscope (TEM), X-ray diffraction (XRD) and Fourier transform infrared 
spectroscopy (FTIR). 
Chapter 3 depicts the synthesis of anisotropic gold nanoprisms using 
Cinnamomum tamala leaf extract. The leaf extract was prepared by two slightly 
different methods and the leaf extract that was obtained by heating the dried leaves 
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in water in a sealed reaction vessel produced better nanoprisms. This was might be 
due to the presence of a higher concentration of volatile organic components in the 
leaf extract under closed conditions. Nanoparticle formation was carried out at four 
different temperatures to understand the effect of temperature on gold nanoprism 
formation. Moreover, the amount of extract was also varied at the four different 
temperatures to see its effects in controlling the size and shape of the nanoparticles. 
Detailed studies on these two parameters clearly showed distinct effect in controlling 
the shape of the nanoparticles and their sizes. As a result, the high degree of 
tunability in surface plasmon resonance of these nanoparticles can be achieved. At 
lower temperatures, this method yields larger anisotropic nanostructures, while at 
higher temperatures, they tend to form a mixture of small anisotropic nanoparticles 
and spherical nanoparticles. Smaller volumes of extract promote larger nanoprism 
formation, while higher amount of extract favors smaller nanoprisms formation. 
Finally a probable reaction mechanism was proposed to explain the reduction of gold 
ions using the leaf extract. 
Chapter 4 demonstrates the effect of halide ions (KF, KCl, KBr, KI, halide ions 
were known to affect the nanoparticle shape), during synthesis of gold nanoparticles 
using C. tamala leaf extract. Each halide ions exhibited different effect on the 
morphology of the particles. Fluoride ions don’t have affinity to bind the gold surface; 
addition of fluoride ions didn’t bring much change in the shape of the nanoparticles. 
Chloride and bromide ions addition contribute significantly to the nanoprisms 
formation, even though they compete with the shape directing phytochemicals 
present during the synthesis. Both chloride and bromide ions bind strongly to the 
(111) surface of gold at higher concentrations, however presence of both ions on the 
surface of gold nanoparticles led to the formation of nanoprisms of different sizes. 
Iodide ions addition during the nanoparticles synthesis have shown significant 
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changes and the particles obtained are irregular, spherical and large aggregates in 
shape. This was due to the formation of gold iodide complex, which was difficult to 
reduce and that contribute to the shape.  
Chapter 5 demonstrates the effect of cetyltrimethylammonium bromide (CTAB, 
surfactant known to control the shape of the gold particles) during synthesis of gold 
nanoparticles using C. tamala leaf extract. .  Addition of CTAB during the nanoprism 
formation was found to affect the morphology of the nanoprisms and their yield. At 
low concentrations of CTAB, spherical nanoparticles formed, while at higher 
concentrations branch-like nanostructures of gold were obtained. When the 
concentration of CTAB was close to the micellar concentration, nanoprisms formation 
was observed. At high and low concentrations CTAB, it tends to promote the 
nanoparticles growth independently along with the nanoparticles growth mediated by 
leaf extract mediated reduction of gold ions. At critical micellar concentration of 
CTAB, it controls the nanoparticles growth synergistically with the phytochemicals 
present in the leaf extract.  
Chapter 6 describes the mercury sensing application using the gold 
nanoparticles synthesised using C. tamala leaf extract, containing a mixture of 
spherical and anisotropic particles, showed practical applicability in mercury ion 
sensing. This was based on the fact that mercury readily amalgamates with gold. The 
sharp edges present in the triangular and hexagonal particles are highly reactive and 
promote faster amalgamation at the edges. Furthermore, the amalgamation also had 
a significant effect on the size and shape of the nanoparticles, wherein nanoprisms 
converted into spherical particles and size of the spherical particles increased. The 
UV-Visible spectra obtained after exposing the nanoparticles to mercury showed a 
change in both the transverse and longitudinal surface plasmon resonance features. 
FTIR analysis also provided vital clues on the mechanistic understanding of these 
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interactions wherein the mercury ions promoted irreversible hydrolysis of esters 
present in the nanoparticle solution, suggesting a role of organic compounds in 
mercury ion binding. 
Finally chapter 7 summarizes the thesis, provides conclusions and presents 
some possible future research directions. 
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2.1 Introduction.  
The biosynthesis of gold nanoparticles using Cinnamomum tamala leaf extract 
to reduce gold ions, control their shape by changing the physico-chemical 
environment and applications of the biosynthesised gold nanoparticles for mercury 
ion sensing is the overall theme of this thesis. The gold nanoparticles prepared using 
this biosynthesis approach has been characterized by the following microscopy, 
spectroscopy and X-Ray diffraction techniques. Spectroscopy techniques such as 
UV-Visible absorption spectroscopy, Fourier Transform Infrared Spectroscopy (FT-
IR) and microscopic techniques such as Transmission Electron Microscopy (TEM) 
and other standard material characterization techniques such as X−Ray diffraction 
(XRD) have been used to characterize these nanomaterials.  This chapter outlines 
the principles governing the instruments used to characterise the gold nanoparticles. 
2.2 UV-vis spectroscopy.  
Noble metal nanoparticles absorb strongly in the visible region due to surface 
plasmon resonance, which was discussed briefly in the previous chapter. Hence the 
UV-Visible absorption spectroscopy is a primary characterization tool to study the 
metal nanoparticles formation [1, 2]. In a dual beam spectrophotometer, light from 
either the visible or ultraviolet source enters the grating monochromator before it 
reaches the filter. Broad-band filters contained in a filter wheel are automatically 
indexed into position at the required wavelengths to reduce the amount of stray light 
and unwanted orders from the diffraction grating. The light from the source is 
alternatively split into one of two beams by a rotating mirror called a chopper; one 
beam is passed through the sample and the other through the reference.  The 
detector alternately sees the beam from the sample and then the reference. Its 
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output which ideally would be a oscillating square-wave gives the ratio of I to Io 
directly i.e. the reference correction is made automatically. 
 
Figure 2.1 Optical system of a double-beam UV-vis spectrophotometer [3]. 
The UV-Visible absorption spectra presented in the thesis were carried out on 
Cary 50 dual beam Bio spectrophotometer operated at a resolution of 1 nm [4] over a 
wavelength range of 200-1000 nm to investigate the change in the SPR feature of 
the gold nanoparticles synthesised using C. tamala leaf extract. 
2.3 Fourier Transform Infrared Spectroscopy (FTIR)  
Metal nanoparticles are generally prepared by the reduction of metal ions by a 
suitable reducing agent in the presence of a capping agent. In the present work, 
Cinnamomum tamala leaf extract was used as reducing agent that also acts as a 
capping agent following the reduction of gold ions to gold nanoparticles. To 
understand the mechanism of reduction and the nature of capping, spectroscopic 
analysis of the reducing agent before and after the reaction has to be carried out. 
Since Fourier Transform Infrared spectroscopy [5-7] is provides an ideal means to 
identify the functional groups present in the different chemicals in the leaf extract as 
well as the change in the vibrational spectra following their reaction with gold ions. 
This provides vital information to study the above-mentioned interactions and 
mechanism of reduction of metal ions. The FT-IR measurements presented in the 
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thesis were performed using a Perkin-Elmer FTIR Spectrum 100 instrument [8] fitted 
with micro-ATR (diamond ATR crystal).   
 
Figure 2.2 Optical system of a FTIR spectrometer. [9] 
Diffuse Reflectance Infrared Fourier Transform (DRIFT) was the method used 
for recording the IR spectra of all samples. Each functional group has its own 
characteristic vibrational frequency in the IR spectrum and it is the function of the 
bond strength between the atoms and their reduced mass. When the capping 
molecules are adsorbed on a nanoparticle surface, their vibrational modes will 
change. Hence the vibrational frequencies characteristic of the functional group will 
be either shifted, and the extent of such shifting depends upon the nature and 
strength of interaction. The optical system in an FTIR spectrometer consists of the 
following: the interferometer, an infrared light source, an infrared detector, and a 
beam splitter. The most commonly used interferometer is a Michelson interferometer. 
It consists of three active components: a moving mirror, a fixed mirror, and a beam 
splitter. The two mirrors are perpendicular to each other [5]. 
The beam splitter is a semi-reflecting device and is often made by depositing a 
thin film of germanium onto a flat KBr substrate. Radiation from the broadband IR 
source is collimated and directed into the interferometer, and impinges on the beam 
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splitter. At the beam splitter, half the IR beam is transmitted to the fixed mirror and 
the remaining half is reflected to the moving mirror. After the divided beams are 
reflected from the two mirrors, they are recombined at the beam splitter. Due to 
changes in the relative position of the moving mirror to the fixed mirror, an 
interference pattern is generated. The resulting beam then passes through the 
sample and is eventually focused on the detector. If the two arms of the 
interferometer are of equal length, the two split beams travel through the exact same 
path length. The two beams are totally in phase with each other; thus, they interfere 
constructively and lead to a maximum in the detector response. When the mirror is 
moved at a constant velocity, the intensity of radiation reaching the detector varies in 
a sinusoidal manner to produce the interferogram and is the record of the 
interference signal. It is actually a time domain spectrum and records the detector 
response changes versus time within the mirror scan.  
The interferogram produced by such a broadband IR source displays 
extensive interference patterns. It is a complex summation of superimposed 
sinusoidal waves, each wave corresponding to a single frequency. When this IR 
beam is directed through the sample, the amplitudes of a set of waves are reduced 
by absorption if the frequency of this set of waves is the same as one of the 
characteristic frequencies of the sample. The interferogram contains information over 
the entire IR region to which the detector is responsive. A mathematical operation 
known as Fourier transformation converts the interferogram (a time domain spectrum 
displaying intensity versus time within the mirror scan) to the final IR spectrum, which 
is the familiar frequency domain spectrum showing intensity versus frequency. This 
also explains how the term Fourier transform infrared spectrometry is created. The 
detector signal is sampled at small, precise intervals during the mirror scan. The 
sampling rate is controlled by an internal, independent reference, a modulated 
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monochromatic beam from helium neon (HeNe) laser focused on a separate 
detector. The two most popular detectors for a FTIR spectrometer are deuterated 
triglycine sulfate (DTGS) and mercury cadmium telluride (MCT). The DTGS detector 
is a pyroelectric detector that delivers rapid responses because it measures the 
changes in temperature rather than the value of temperature. Nernst Glower is the 
source for IR radiation. Most bench top FTIR spectrometers are single-beam 
instruments. Unlike double-beam grating spectrometers, single-beam FTIR does not 
obtain transmittance or absorbance IR spectra in real time. A typical operating 
procedure is described as follows: 1. A background spectrum is first obtained by 
collecting an interferogram (raw data), followed by processing the data by Fourier 
transform conversion. This is a response curve of the spectrometer and takes 
account of the combined performance of source, interferometer, and detector. An 
FTIR instrument can achieve the same signal-to-noise (S/N) ratio of a dispersive 
spectrometer in a fraction of the time (1 sec or less versus 10 to 15 min). The S/N 
ratio is proportional to the square root of the total number of measurements. Because 
multiple spectra can be readily collected in 1 min or less, sensitivity can be greatly 
improved by increasing S/N through co-addition of many repeated scans. 
The FT-IR measurements presented in the thesis were performed using a 
Perkin-Elmer FTIR Spectrum 100 instrument fitted with micro-ATR (diamond ATR 
crystal) in the range of 650-4000 cm-1 operated at a resolution of 4 cm-1. Each 
spectrum represents an average of 10 scans. All scans presented in this thesis have 
been background corrected wherein the background scan consisted of the base 
diamond crystal. 
2.4 X-ray diffraction (XRD)  
Powder XRD has been the single most important technique for determining 
the structure of materials characterized by long-range order [10-12]. The work 
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presented in the thesis, emphasizes on the synthesis of metal nanoparticles. Their 
crystalline nature and crystal type could be identified from their XRD patterns. As the 
name suggests, the sample is usually in a powder form, consisting of fine grains of 
crystalline material to be studied. The term powder really means that the crystalline 
domains are randomly oriented in the sample. Therefore when the diffraction pattern 
is recorded, it shows concentric rings of scattering peaks corresponding to the 
various inter-planar spacing in the crystal lattice. The positions and the intensities of 
the peaks are used for identifying the underlying structure of the material. X-rays are 
electromagnetic radiation with typical photon energies in the range of 100 eV - 100 
keV. For diffraction applications, only short wavelength x-rays in the range of a few 
angstroms to 0.1 angstrom (1 keV - 120 keV) are used. Because the wavelength of 
x-rays is comparable to the size of atoms, they are ideally suited for probing the 
structural arrangement of atoms and molecules in a wide range of materials. The 
energetic x-rays can penetrate deep into the materials and provide information about 
the bulk structure. X-rays are produced generally by either x-ray tubes or synchrotron 
radiation. In a x-ray tube, which is the primary x-ray source used in laboratory x-ray 
instruments, x-rays are generated when a focused electron beam accelerated across 
a high voltage field bombards a stationary or rotating solid target. As electrons collide 
with atoms in the target and slow down, a continuous spectrum of x-rays are emitted, 
which are termed Bremsstrahlung radiation.  
 
Figure 2.3 Incident X-Rays are diffracted by the layers of atoms in a crystalline 
material (a) and basic model of an X-Ray Diffractometer (b) [13] 
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The high-energy electrons also eject the core electrons in atoms through the 
ionization process. When an electron from higher energy orbital fills the shell, x-ray 
photon with energy characteristic of the target material is emitted. Common targets 
used in x-ray tubes include Cu and Mo, which emits 8 keV and 14 keV x-rays with 
corresponding wavelengths of 1.54 Å and 0.8 Å, respectively. X-rays primarily 
interact with electrons in atoms. When x-ray photons collide with electrons, some 
photons from the incident beam will be deflected away from the direction where they 
original travel. If the wavelength of these scattered x-rays did not change, the 
process is called elastic scattering in that only momentum has been transferred in the 
scattering process. These are the x-rays that are measured in diffraction 
experiments, as the scattered x-rays carry information about the electron distribution 
in materials. Diffracted waves from different atoms can interfere with each other and 
the resultant intensity distribution is strongly modulated by this interaction. If the 
atoms are arranged in a periodic fashion, as in crystals, the diffracted waves will 
consist of sharp interference maxima with the same symmetry as in the distribution of 
atoms. Measuring the diffraction pattern therefore allows us to deduce the distribution 
of atoms in a material. When certain geometric requirements are met, X-rays 
scattered from a crystalline solid can constructively interfere, producing a diffracted 
beam. In 1912, W. L. Bragg recognized the following relationship among several 
factors.  
nλ = 2dsinθ 
The above equation is called Bragg equation, where n denotes the order of 
diffraction, λ represents the wavelength, d is the inter-planar spacing and θ signifies 
the scattering angle. The distance between similar atomic planes in a crystal, this is 
called the d spacing and measure in angstroms. The angle of diffraction is called as 
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the theta angle and measure in degrees. For practical reasons the diffractometer 
measures an angle twice that of the theta angle.  
XRD patterns presented in this thesis were obtained using a Bruker AXS D8 
Discover with a General Area Detector Diffraction System (GADDS) micro diffraction 
instrument operating at 40 kV and 40 mA over an angular range of 15-90° (2θ). The 
samples for XRD were prepared by drop-casting the gold nanoparticles prepared by 
changing the physico-chemical environment on a freshly etched Si (100) substrate. 
2.5 Transmission Electron Microscopy 
Although some structural features can be revealed by X-Ray diffraction, direct 
imaging of nanoparticles is only possible using transmission and scanning electron 
microscopes[14-19]. Both are operating on the same basic principles as the light 
microscope but uses electrons instead of light. The development of the Transmission 
Electron Microscope in the late 1930’s primarily as an imaging devices, which 
exceeded the resolution power of the light microscope, by several orders of 
magnitude. Since the de Broglie wavelength of electrons decreases with their kinetic 
energies, fast moving electrons have very short wavelength associated with them 
and so are capable of very high resolution if that wavelength can be used in an 
appropriately designed instrument. Resolving power of a microscope is given by the 
following formula 
d = 0.5 λ / sin α 
Where λ represents the wavelength and α corresponds to the one-half of the angular 
aperture. Since the wavelength of electrons is in the few angstroms, in principle, the 
resolution of electron microscope could go up to few angstroms. In TEM, the system 
is composed of an electron gun that has a hot wire filament and a Wehnelt shield.  
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Figure 2.4 Basic model of Transmission Electron Microscope [20, 21] 
The electron beam comes from a filament, made of various types of materials. 
The most common is the Tungsten hairpin gun. A small electric current heats the 
filament. This produces a thermionic emission of electrons, which essential is a cloud 
of electrons that form around any hot metal. The filament and shield called the 
cathode are then set to a very high electric potential between 25K to 125K volts. This 
gives the electrons in the cloud the incentive to move. The rest of the microscope is 
at ground potential zero volt. As the filament heat is turn up the electron cloud forms, 
and all the electrons would be accelerated towards the grounded anode if not for the 
bias shield. Surplus electrons collected onto the shield making the shield more 
negative, which intern inhibits the release of more electrons. This is called self-
biasing and is controlled by the bias resistor.  
A beam of accelerated electrons can interact with an object in a conventional 
transmission electron microscope in one of two ways. Usually elastic scattering takes 
place, whereby the electrons change their path in the specimen without a loss of 
energy. Inelastic scattering can also occur, resulting in a loss of energy due to an 
interaction of the impinging electrons with the orbital electrons surrounding the 
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nucleus of each atom in the object. Those electrons, which are not or hardly 
scattered, contribute positively to the image. Those that are considerably deflected 
are prevented from doing so by apertures in the optical path. As a result differences 
in light intensity (contrast) are created in the final image, which relate to areas in the 
object with different scattering potentials. 
As the atomic number increases, their scattering efficiency will also increase. 
Hence heavy metals can form images with good contrast. The imaging system 
consists of an objective lens and one or more projector lenses. The chief lens in 
transmission microscopes is the objective. It determines the degree of resolution in 
the image. It forms the initial enlarged image of the illuminated portion of the 
specimen in a plane that is suitable for further enlargement by the projector lens. The 
projector lens, as it implies, serves to project the final magnified image on the screen 
or photographic emulsion. The great depth of focus provides the high magnification 
of the sample. 
All TEM measurements presented in this thesis were recorded on a JEOL 
model 1010 instrument operated at an accelerating voltage of 100 kV. The samples 
for TEM were prepared by drop coating the sample on the carbon coated copper 
grids and allowing the solvent to evaporate. 
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Chapter III  Biosynthesis of gold nanoparticles 
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3.1 Introduction 
Gold nanoparticles have been utilized in diverse fields such as nano 
electronics [1-3], catalysis  [4-13], plasmonics  [14-18], sensing  [19-26], bio-imaging 
[27-31], and other biomedical fields [32-40] because of their size, shape and medium 
dependant electronic and optical properties . As a consequence, numerous protocols 
have been developed for the synthesis of size- and shape-controlled gold 
nanoparticles [19, 41-56]. In general, gold nanoparticles are synthesized by reducing 
gold ions with chemical reducing agents such as sodium borohydride, sodium citrate, 
hydrazine or under photochemical conditions [57-59]. In order to control the size of 
the nanoparticles during their synthesis, capping molecules such as surfactants, 
polymers or other organic molecules are usually added to prevent aggregation and 
control the particle size [59, 60]. Most of these methods are known to produce 
spherical particles, which is the thermodynamically favoured shape due to its lowest 
surface energy [61]. The synthesis of gold nanoparticles in other shapes, such as 
rods, cubes, triangles, prisms or tripods, in a controllable manner can be achieved by 
using surfactant templates like cetyltrimethyl ammonium bromide, external shape 
directing agents like silver or other halide ions or the seed mediated approach [61-
63]. These anisotropic nanoparticle formations are kinetically controlled which are 
usually achieved by the presence of these shape directing molecules, and ions or by 
varying the rate of the reaction at different temperature. Few theories have been 
developed to explain the shape controlled formation of anisotropic nanoparticles, 
wherein these external shape directing ions, molecules and other physical 
parameters play a vital role in the formation of initial nuclei [61, 64, 65]. These initially 
formed nuclei may be multiply twinned, contain defect sites or hold shape directing 
molecules that are selectively adsorbed on any specific crystalline planes of gold 
nuclei [61, 64, 66-69]. Subsequent growths on these nuclei tend to form different 
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kinds of anisotropic nanoparticles, depending on the shape-directing agents 
introduced during the chemical synthesis of the nanoparticles. These non-spherical 
gold nanoparticles have interesting optical properties compared to their spherical 
counterparts as a result of anisotropy introduced into their shape. For example, gold 
nanorods show transverse SPR and longitudinal SPR absorption in the visible region 
due to the difference in their plasmon frequencies in the transverse (short-axis) and 
longitudinal (long-axis) directions [59]. In the same way, nanoprisms have out-of-
plane (transverse) and in-plane (longitudinal) plasmon frequencies [41, 64] and 
usually exhibit two or more distinct SPR absorptions in the visible to NIR region. 
Consequently, these anisotropic nanoparticles have emerged as some of the best 
candidates in sensing platforms, SERS substrates, catalysts and biomedical 
applications [61].  
However, most of the synthetic methods used to prepare gold nanoparticles 
using external shape directing agents such as cetyltrimethylammonium bromide and 
halide ions, which are quite toxic. The presence of these toxic materials on the 
surface of the gold nanoparticles renders them unsuitable for any biological 
application. Therefore, it is a current challenge to develop green chemical and 
biological methods to make anisotropic gold nanoparticles without the use of toxic 
reagents therefore, over the last decade, plant-mediated biological synthesis of 
nanoparticles has received a lot of attention due to its simplicity and eco-friendliness. 
Although plant-based green synthesis of gold nanoparticles by plants such as aloe 
vera [19], neem [53], geranium leaves [70], cinnamon [56], tea plant [71], lemongrass 
[54]  and tamarind [19] have been reported, the potential of other plants used in 
traditional cooking for the synthesis of nanoparticles has yet to be fully explored.  
In light of this, we have demonstrated that the aqueous extract from bay 
leaves (Cinnamomum tamala), a common spice used in cooking, is capable of 
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reducing gold ions to give anisotropic gold nanoparticles. Excellent control in the 
formation of nanoprisms without need of any shape-directing agents has been 
achieved and the physicochemical parameters that play a key role in controlling the 
nanoprism formation have been investigated. Presented below are the details of this 
experimental study.  
3.2 Experimental 
3.2.1 Leaf extraction 
 
Figure 3.1 Cinnamomum tamala dried leaf (a) and leaf extract (b).  
C. tamala leaves were freeze dried in liquid nitrogen and finely crushed in to 
give a powder. One gram of this leaf powder was placed in a bottle containing 50 mL 
of milli-Q water and tightly capped. Another one gram sample of leaf powder was 
place in a second bottle containing 50 mL of milli-Q water, but this time left 
uncapped. Both mixtures were heated at 90o C for 12 hours to facilitate extraction. 
After cooling, the mixtures were centrifuged at 12,000 rpm for 15 minutes and the 
brown supernatant carefully decanted to two 200 mL media bottles. The final volume 
of both extracts was made up to 100 mL by adding milli-Q water (Figure 3.1). This 
extract solution was used without any further processing. 
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3.2.2 Gold nanoparticle synthesis using the leaf extract 
In this work, addition of Cinnamomum tamala leaf extract to  gold ions led to 
the formation of gold nanoparticles, wherein the extract serves as a reducing agent 
for the gold ions as well as capping agent for the as-formed gold nanoparticles. The 
concentration of gold ions was maintained at 0.5 mM in all the experiments for the 5 
mL reaction volume, while the amount of extract and reaction temperature were 
varied in order to see the effect of these physicochemical parameters on 
nanoparticles formation. Gold nanoparticles were prepared by using 100 µL, 200 µL, 
300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL of C. tamala 
leaf extract, however the final volume of reactions was maintained at 5 mL (Final 
concentration of HAuCl4 was maintained 0.5 mM in all the cases). The same 
approach was followed for the two kinds of leaf extract in order to see the effect of 
extract preparation methodology on nanoparticles size and shape. 
In addition, the same reaction with different amounts of extract were pursued 
for 48 hours at 4 ºC, 25 ºC, 60 ºC and 80 ºC under 100 rpm stirring conditions for 
respective batches. The purple color of the reaction solution confirmed the formation 
of gold nanoparticles. These nanoparticle solutions were further characterized using 
UV/Vis, TEM, XRD and FTIR.    
3.3 Results and Discussion 
3.3.1 Influence of extract preparation method on optical 
properties  
As described in the experimental section, two slightly different methods were 
used to prepare the extracts of C. tamala leaf namely extraction in an open and 
closed reaction vessel. The purpose of this was to determine what effect the 
extraction method has on the gold nanoparticle synthesis. As mentioned in the 
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experimental section, gold nanoparticles were prepared using these two kinds of leaf 
extract as a reducing agent, and the optical absorption spectra (Figure 3.2) were 
measured using an UV-Vis. 
 
Figure 3.2 UV-Vis spectra of gold nanoparticles prepared using the leaf extract 
prepared in an open environment (a) and closed environment (b).  
Generally, the nanoparticles obtained using both extracts show two distinct 
transverse and longitudinal surface surface plasmon resonance absorption bands, 
typical characteristic feature of anisotropic nanoparticles [54, 64]. A majority of 
chemical methods reported in the literature produce spherical nanoparticles, while 
anisotropic nanoparticles form only after the addition of pre-formed seeds, 
cetyltrimethylammonium bromide micelles [72, 73], silver ions [63] or halide ions [62]. 
In this case, formation of anisotropic nanoparticles without the use of any external 
shape directing agent suggests the leaf extract acts as a shape controlling agent as 
well as a reducing agent. Another interesting observation is that optical properties of 
the gold nanoparticles prepared using the two different extracts were significantly 
different (Figure 3.2). In particular, the longitudinal SPR absorption band positions 
showed a remarkable dependence on the extraction method. The gold nanoparticles 
that formed using the leaf extract that was prepared under sealed conditions showed 
better control over optical tuning where with the increase of volume of extract 
longitudinal SPR band showed blue shift. Whereas, with the leaf extract that was 
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prepared in an open bottle, shift of longitudinal SPR was not fully regular. These 
results clearly suggest that the chemical composition of the two extracts must be 
different. Since one extraction was carried out in a sealed vessel, there may be an 
increase in the extraction power of water (due to high vapor pressure) leading to 
variations phytochemical compositions of the two extracts.  It is therefore also 
possible that the extraction carried out in the closed vessel reactions have more 
volatile organic compounds than the open extraction. As a result, these 
phytochemicals and biochemicals may be present in higher concentration for the 
extract that was prepared in a closed vessel. These are two possible differences 
between the two kinds of extract, but this difference is clearly reflected in controlling 
the optical properties of anisotropic nanoparticles. These results indicate that these 
phytochemicals/biochemicals are responsible for the shape control, possibly due to 
their preferential adsorption on the crystal facets of gold nuclei that eventually lead to 
the shape control. Therefore, the leaf extract prepared under closed conditions were 
found to contribute to the tunability of SPR bands of the nanoparticles.  However, 
further investigation is needed to fully understand the role that this leaf extract plays 
in making the anisotropic nanoparticles. To this end, it may also be noted that while 
prepared under closed condition allowed highly responsible SPR features, the peak 
maxima of nanoparticles prepared using extract from open condition, showed slight 
batch-to-batch variation.  
Moreover, since the extract that was made in a sealed vessel showed better 
control over optical tuning, only this extract was subsequently used to make 
anisotropic nanoparticles. The optical properties of these gold nanoparticles were 
considered as reference, in order to compare how variation of other physicochemical 
parameters influences their optical properties. It was also seen that the varying the 
amounts of extract also had an influential effect in the optical properties of 
Page | 55 
 
nanoparticles. Based on several studies [61], it was concluded that anisotropic 
nanoparticles formation was kinetically controlled, therefore any change in 
temperature is likely to affect the optical properties of the nanoparticles. To explore 
the effect of synthesis temperature and extract concentration on the surface plasmon 
tunability and the size and shape of gold nanoparticles, four different temperatures 
and ten different volumes of leaf extract were chosen for this study. Presented below 
are the details of the gold nanoparticles optical properties as a function of 
temperature and concentration of surfactant. 
3.3.2 Temperature effect on optical properties  
As mentioned earlier, temperature of the reaction medium is very important in 
controlling the shape of the nanoparticles because anisotropic nanoparticles 
formation is kinetically controlled not thermodynamically controlled. In the previous 
section, it was shown that gold nanoparticle formation by the reduction of gold ions 
using Cinnamomum tamala leaf extract resulted in the formation of anisotropic 
nanoparticles. The temperature of this reaction was varied to determine what the 
effect of temperature has on the anisostropic nanoparticle formation. The gold 
reduction using the leaf extract was carried out at 4 ºC, 25 ºC, 60 ºC and 80 ºC. In 
addition, the amount of extract was raised for each temperature to determine how 
this effects nanoparticle formation. It is clearly seen that the change in the 
temperature affects the nanoparticles optical properties. The SPR absorption bands 
of the gold nanoparticles synthesized at 4 ºC (Figure 3.3 a) was markedly different 
from those prepared at higher temperatures. The nanoparticles synthesized at 4 ºC 
show longitudinal SPR absorption, which were found to be far from the instrumental 
detection region in NIR. However nanoparticles synthesized in all the three 
temperature ranges, longitudinal SPR features appeared at the red end of the visible 
spectrum. It was observed that with an increase in the volume of extract, the 
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longitudinal SPR band showed a blue shift for the nanoparticles synthesized at 25 ºC, 
60 ºC and 80 ºC (Figure 3.3 b, c and d). In the case of the gold nanoparticles 
synthesized at 25 ºC, longitudinal SPR absorption maxima of these nanoparticles 
were appeared at 955 nm, 895 nm, 855 nm, 800 nm and 765 nm when 600µL, 
700µL, 800µL, 900µL and 1000µL of leaf extract were used as the reducing agent, 
respectively (Figure 3.3 b). For each 100 µL variation of the extract, longitudinal SPR 
band showed a blue shift ranging from 60 nm to 35 nm. 
 
Figure 3.3 UV-Vis spectra of gold nanoparticles synthesized at 4 ºC (a), 25 ºC 
(b), 60 ºC (c) and 80 ºC (d) using different concentrations of leaf extract. 
In the case of gold nanoparticles synthesized at 60 ºC, longitudinal SPR 
absorption maxima appeared at 935 nm, 850 nm, 805 nm, 735 nm, 705 nm, 685 nm 
and 665 nm, when 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL of 
leaf extract were used as the reducing agent respectively (Figure 3.3c). Again, for 
each 100 µL variation of the extract, the blue shift in longitudinal SPR bands varied 
from 20 nm to 85 nm. In the case of gold nanoparticles synthesized at 80 ºC using 
500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf extract, respectively, the 
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longitudinal SPR absorption maxima were observed around 865 nm, 825 nm, 770 
nm, 750 nm, 740 nm and 690 nm (Figure 3.3 d). Again the blue shift in the 
longitudinal SPR band varied from 20 nm to 55 nm as the volume of the extract 
varied. 
 
Figure 3.4 UV-Vis spectra of gold nanoparticles synthesized using 700 µL (a), 
800 µL (b), 900 µL (c) and 1000 µL (d) leaf extract at different temperature.  
In order to see the exact changes in the SPR absorption as a result of varying 
the temperature, the UV-Visible spectra of the gold nanoparticles prepared by the 
same amount of extract but at different temperatures were plotted and are shown in 
Figure 3.4. In all the cases, the longitudinal SPR band shows a blue shift as the 
temperature of the reaction increased from 4 ºC to 25 ºC to 60 ºC for the same 
amount of extract. However, the longitudinal SPR absorption of the gold 
nanoparticles showed a red shift when the temperature was increased from 60 ºC to 
80 ºC for the same amount of extract. The transverse SPR absorption band of gold 
nanoparticles was not shifted or broadened when the temperature of the reaction 
was kept at 4 ºC, 25 ºC and 60 ºC. However, both the transverse and longitudinal 
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SPR absorption bands were red shifted and broadened when the temperature was 
increased to 80 ºC. This red shift and broadening of the SPR bands may be due to 
the aggregation of nanoparticles, polydispersity of size and shape, since these are 
the major reasons for red shift and peak broadening. Another reason may be that the 
high temperature may inhibits the binding of shape directing molecules on the 
surface of gold seeds, which promotes polydispersity in size and non-uniform shape 
nanoparticles. The most interesting aspect of these observations is the tuning of the 
plasmon absorption that can be obtained by simply varying the temperature and the 
amount of extract. It is typically difficult to achieve such control in varying the SPR 
absorption using chemical methods to make anisotropic nanoparticles. Using this 
method, longitudinal absorption of gold nanoparticles can be varied in the entire 
visible spectrum to near infrared by adjusting these physico-chemical parameters. 
3.3.3 TEM studies of nanoparticles 
    TEM images of the gold nanoparticles obtained by the reduction of gold ions 
using different amounts of Cinnamomum tamala leaf extract at 4 ºC are in Figure 3.5. 
The nanoparticles obtained at 4o C at all concentrations are mainly nanoprisms with a 
small percentage of spherical nanoparticles. However, the size of the nanoprisms 
show significant variation as the amount of extract used for the reduction was varied. 
The size of the anisotropic structures was found to decrease when the amount of 
extract used for the reduction of gold ions increased. Since the gold ions 
concentration was kept constant, increasing amounts of extract tended to promote 
the formation of more Au nuclei while their shape directing effect remained constant, 
thereby leading to higher population of smaller particles at larger extract 
concentration. 
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All the anisotropic nanoparticles appeared to have a planar structure and this 
may indicate restricted growth on certain crystalline planes, eventually allowing the 
nanoparticles to grow in other non-passivated planes. Spherical particles are having 
higher contrast than these anisotropic nanoparticles, which shows that growth of 
nanoparticles occurs in all three dimensions in the case of spherical nanoparticles 
(Figure 3.5).  
 
Figure 3.5 TEM images of gold nanoparticles synthesized  at 4 ºC using 100 µL 
(a), 200 µL (b),300 µL (c), 400 µL (d), 500 µL (e), 600 µL (f), 700 µL (g), 800 µL (h), 
900 µL (i) and 1000 µL (j) leaf extract. Scale bar is 500 nm in all cases. 
The presence of isotropic (spherical) and anisotropic (nanoprism) particles 
prepared using this synthetic method indicates that both of these particles may be 
grown from two different kinds of gold seeds/nuclei. However, the anisotropic 
nanoparticle population was found to be much higher than the spherical particles, 
and increasing the volume of the extract decreased the size of both particles. The 
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size of nanoparticles was measured from the TEM images and plotted in a column 
graph and showing the average particle size (Figure 3.6). The average size of 
nanoprisms was estimated to be ~480 nm when 100 µL extract was used, while the 
average size of the nanoprisms was reduced to ~200 nm when 1000 µL of extract 
was used. It can be clearly seen the size of the nanoprisms decrease by 
approximately ~20-30 nm for every 100 µL addition of the extract.  
 
Figure 3.6  Average size of gold nanoparticles synthesized at 4 ºC using 100 µL, 
200 µL, 300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf 
extract.  
In a similar manner, the isotropic gold nanoparticles synthesized by this 
method also showed the same pattern when the amount of extract used for reduction 
of gold ions was varied. The average size of the isotropic spherical particles was 
estimated to be ~106 nm when 100 µL of the extract was used. As the amount of 
extract increased to 1000 µL, the average size of isotropic nanoparticles decreased 
to 33 nm. Therefore it was concluded that by increasing the amount of extract the 
average particle size of both isotropic and anisotropic nanoparticles decreased, and 
that the population of anisotropic nanoparticles was much higher than the isotropic 
nanoparticles when the reaction was carried out at 4o C. As the amount of extract 
increased, the size of both the isotropic and anisotropic nanoparticles decreased. 
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These results clearly support the blue shift observed in the longitudinal SPR band of 
nanoparticles as the amount of extract increased in the reaction mixture. 
 The longitudinal SPR band of nanoprisms originate from the in-plane SPR 
vibrations and its position of absorption in the visible or NIR region depends on the 
edge length. As shown in the TEM images, the size of the nanoprisms were found to 
decrease as there was an increase in the volume of the extract.   
 
Figure 3.7 TEM images of gold nanoparticles synthesized  at 25 ºC using 100 µL 
(a), 200 µL (b),300 µL (c), 400 µL (d), 500 µL (e), 600 µL (f), 700 µL (g), 800 µL (h), 
900 µL (i) and 1000 µL (j) leaf extract extracted in closed environment . Scale 
bar is 200 nm in all cases. 
   Therefore these results explain the blue shift observed in the case of 
nanoparticles when the volume of extract was increased. Another notable difference 
between the nanoparticles that were obtained at 4 oC and 25 ºC is that the population 
of spherical particles increased as the volume of the extract increased. 
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These results suggest that anisotropic nanoparticle formation was favored at 
low temperatures as a result of slow growth kinetics. The average particle sizes of 
both the isotropic and anisotropic nanoparticles were estimated from the TEM 
images and the results are given in Figure 3.8. The average particle size of 
nanoprisms ranged from ~614 nm (100 µL) to 44 nm (1000 µL) and in most of the 
cases these nanoprisms are smaller than the nanoprisms that were obtained at 4 ºC. 
The same trend was observed for the spherical particles, wherein the particle size 
ranged from ~130 nm (100 µL) to ~25 nm (1000 µL). 
 
Figure 3.8 Average size of gold nanoparticles synthesized at 25 ºC using 100 
µL, 200 µL, 300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL 
leaf extract. 
The TEM images of the gold nanoparticles obtained by the reduction of gold 
ions using different amounts of Cinnamomum tamala leaf extract at 60 ºC are given 
in Figure 3.9. It was observed experimentally that 100 µL of extract was not sufficient 
to produce anisotropic nanoparticles and as a consequence longitudinal SPR 
absorption was not observed. As a result, the corresponding TEM images of gold 
nanoparticlesprepared using 100 µL extract are not included. As in the previous 
cases (4 ºC and 25 ºC), the size of both the isotropic and anisotropic gold 
nanoparticles found to decrease as the amount of extract used increased. In this 
case, some irregular shaped particles were also formed together with spheres and 
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nanoprisms. The average particle size has been estimated from the TEM images as 
listed in Figure 3.10. The average size of a nanoprism was estimated to be ~223 nm 
when 200 µL of extract was used 
 
Figure 3.9 TEM images of gold nanoparticles synthesized at 60 ºC using 200 µL 
(a), 300 µL (b), 400 µL (c), 500 µL (d), 600 µL (e), 700 µL (f), 800 µL (g), 900 µL (h) 
and 1000 µL (i) leaf extract. Scale bar is 200nm. 
Conversely, the size of the nanoprisms decreased to ~35 nm when 1000 µL of 
extract was used.  The average spherical nanoparticle average size reduced from 63 
nm to 10 nm as the volume of the extract increased from 200 µL to 1000 µL.   
 
Figure 3.10 Average size of gold nanoparticles synthesized at 60 ºC using 200 
µL, 300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf 
extract. 
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The TEM images of the gold nanoparticles obtained from the reduction of gold ions 
using different amounts of Cinnamomum tamala leaf extract at 80 ºC are given in 
Figure 3.11. Similar to the result observed at 60 ºC, there was no anisotropic 
nanoparticle formation at 80 ºC when 100 µL extract was used. Similar to the trend 
observed in the previous cases, increasing the amount of extract decreased the 
average particle size of the isotropic and anisotropic nanoparticles.   
 
Figure 3.11 TEM images of gold nanoparticles synthesized  at  80 ºC using 200 
µL (a),300 µL (b), 400 µL (c), 500 µL (d), 600 µL (e), 700 µL (f), 800 µL (g), 900 µL 
(h) and 1000 µL (i) leaf extract. Scale bar is 200nm in all cases. 
However, the population of spherical nanoparticles increased with respect to 
anisotropic nanoparticles, compared to the nanoparticle population that was 
observed at other temperatures. In particular, simple comparison of anisotropic 
nanoparticles obtained at 4 ºC and 80 ºC clearly indicates the importance of 
temperature in making anisotropic nanoparticles by controlling the kinetics of the gold 
ion reduction. The average particle sizes, estimated from the TEM images of the gold 
nanoparticles obtained at 80 ºC, are given in Figure 3.12. The average size of the 
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gold nanoprisms obtained was calculated to be ~138 nm when 200 µL of the leaf 
extract was used for the reduction of gold ions. 
 
Figure 3.12 Average size of gold nanoparticles synthesized at 80 ºC using 200 
µL, 300 µL, 400 µL, 500 µL, 600 µL, 700 µL, 800 µL, 900 µL and 1000 µL leaf 
extract.  
On the other hand, the addition of 1000 µL of extract resulted in the formation 
of ~32 nm sized nanoprisms. The size of the spherical particles varied between 53 
nm to 13 nm by varying the amount of extract from 200 µL to 1000 µL. In summary, 
the size of the aniostropic nanoparticles and isotropic nanoparticles and their 
respective population can be tuned in a controlled way by varying the temperature 
and volume of the extract, with particle size ranging from 500 nm to 10 nm.  
3.3.4 X-ray Diffraction study (XRD) 
The synthesis of gold nanoparticles using different quantities of Cinamomum 
tamala extract at 4 ºC, 25 ºC, 60 ºC and 80 ºC was followed by powder X-Ray 
diffraction to study any changes in the crystalline structure of the gold nanoparticles 
as a function of temperature. Figure 3.13 shows all the powder X-Ray diffraction 
patterns of the samples. The 2θ values observed at 38.8º, 44.4º, 65º, 78º, 82º 
correspond very well to the (111), (200), (220), (311) and (222) fcc crystalline planes, 
respectively, of polycrystalline gold. The general trend observed at the four 
temperatures investigated was the 2θ peak corresponding to (111) plane undergoes 
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broadening as the amount of extract was increased. This peak broadening was 
attributed to the change in crystallite size as the amount of extract was varied from 
100 µL to 1000 µL. 
 
Figure 3.13 X-ray diffraction analysis of gold nanoparticles synthesized  at 4 ºC 
(a), 25 ºC (b), 60 ºC (c) and 80 ºC (d) using varying concentration of leaf extract 
extracted in closed environment. 
At higher concentrations, the peak broadening and high intensity of (111) 
plane (in the case of 1000 µL) may be attributed to smaller sized nanoparticle. In this 
research, at lower concentrations of extract, the sharp and low intensity of peak 
corresponding to the (111) plane (in the case of 100 µL) was due to bigger 
nanoparticles. These results support the nanoparticles size variation as a function of 
extract concentration, which was also observed in the case of TEM imaging of 
nanoparticles.  
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3.3.5 FTIR analysis 
Fourier Transform Infrared (FTIR) spectroscopic characterization of the extract 
before and after nanoparticle formation was carried out to investigate the functional 
groups that were responsible for the reduction of gold ions  
 
Figure 3.14 Fourier transform infra-red spectroscopy of gold nanoparticles 
synthesized  at 4 ºC (a), 25 ºC (b), 60 ºC (c) and 80 ºC (d) using varying 
concentrations of leaf extract. Labels (i), (ii), (iii), (iv), (v), and (vi) refer to the 
vibrational frequencies that correspond to primary alcohol, secondary alcohol, 
tertiary alcohol, ketones, aldehydes and esters, respectively. 
.  The FTIR spectra of fresh leaf extract and after its use as a reducing agent 
at 4 oC, 25 oC, 60 oC and 80 oC were recorded and are shown in Figure 3.14. As the 
volume of the extract has been demonstrated to affect the nanoparticles shape and 
size, gold nanoparticles synthesized using four different concentrations of extract 
were chosen to better understand the chemical reduction process.  
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In the current study, to assess the role of individual organic moieties, they have been 
grouped together [coloured boxes (i)-(vi)] in Figure 3.14. The fingerprint regions of 
these organic moieties have been established previously and are as follows [54, 56, 
74, 75]: 
- 1060-1030 cm-1 corresponds to C-OH stretching frequencies of primary 
alcohols  
- 1120-1080 cm-1 corresponds to C-OH stretching frequencies of secondary 
alcohols   
- 1160-1120 cm-1 corresponds C-OH stretching frequencies of tertiary alcohols 
- 1650-1580 cm-1 corresponds to C=O and C=C stretching frequencies of α, β 
unsaturated ketones 
- 1725-1695 cm-1 corresponds to C=O stretching frequencies of aldehydes 
- 1765 -1720 cm-1 corresponds to C=O stretching frequencies of esters 
The presence of the aforementioned functional group vibrational frequencies 
in the FTIR spectra indicates that the leaf extract before gold reduction must contain 
a mixture of primary, secondary and tertiary alcohols, as well as ketones, aldehydes 
and esters (Figure 3.14).  However, the FTIR spectra of the leaf extract after 
reduction showed significant reduction in the vibrational frequencies that correspond 
to the primary and secondary alcohol bands and the formation of new carbonyl 
stretching frequency that corresponds to an ester functional group (Figure 3.14.vi). 
These results clearly give an insight into the reducing functional groups present in the 
extract that are responsible for the reduction of gold ions, as elucidated in Scheme 
3.1. The disappearances of vibrational frequencies that correspond to primary and 
secondary alcohols functional groups after the reduction of gold ions indicate their 
involvement in the reduction. Primary and secondary alcohols are known to reduce 
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gold ions into metallic gold (Au3+ reduced to Au0)  [76, 77],  and during this process 
primary and secondary alcohol are oxidized to aldehydes (1) and ketones (3), 
respectively, as shown in Scheme 3.1. 
    
Scheme 3.1 Possible reaction based on FTIR spectra.  
Therefore, the alcohol group bearing phytochemicals may be responsible for 
the reduction of the gold ions initially. The appearance of ester functionality during 
the reduction process (4) can be explained as follows. Ester functional groups are 
known to form as a result of the acid catalyzed chemical reaction between a 
carboxylic acid group and an alcohol group [78]. FTIR spectra of pure leaf extract 
clearly showed the presence of alcohol functional groups but there were no broad 
hydrogen bonded OH stretching frequencies, clearly indicating that no carboxylic acid 
groups are present in the leaf extract. Therefore the carboxylic acid may have been 
formed in situ through reaction (2), which is in turn converted into an ester. Through 
(4) Carboxylic acid formation may therefore be explained by the oxidation of 
aldehydes, which may occur when they are also involved in the reduction of gold 
ions. This two stage oxidation is justified because this leaf extracts are known to form 
gold nanoprisms when they reduce gold ions. In general, such anisotropic 
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nanostructures are usually formed via a seed mediated approach or surfactant 
assisted templating. However detailed studies [41, 58] have shown that all these 
anisotropic nanoparticles formations involve a two-stage reduction of gold ions, 
beginings with very small gold nuclei formation followed by particle growth on these 
nuclei in the presence of another mild reducing agent. In the present case, the 
anisotropic nanoparticles are formed without using any shape directing agent, 
therefore a two stage reduction of gold ions is possible. As mentioned before, the first 
stage involves the reduction of gold ions by alcohol functional groups, followed by the 
reduction of gold ions by the as-formed aldehyde groups in the second stage. 
Compounds containing aldehyde functional groups have been demonstrated to 
reduce gold ions to gold nanoparticles and which was the main reason why glucose 
can reduce gold ions to nanoparticles [79]. As a consequence, the aldehyde groups 
are oxidized to carboxylic acids, which may react with alcohols to form esters. This 
explains the presence of the vibrational frequency that corresponds to the ester 
functional group. It is known that in the presence of an acid catalyst, carboxylic acid 
undergo Fisher-Speier esterification [78] and in the present case, chloroauric acid 
may provide the required acidic pH for esterification. It has also been reported that 
gold nanoparticles can catalyze esterification [80]. So it is likely that carboxylic acids 
that are initially formed from primary alcohol eventually form esters through 
esterification during the synthesis of gold nanoparticles. This esterification reaction 
progresses even more rapidly once gold nanoparticles are present. Moreover, it was 
observed that the ketone band (Figure 3.14.iv), which was prominent in the unused 
leaf extract is greatly reduced in intensity when gold nanoparticles were synthesized 
using a lower concentration of extract and reappeared when they were synthesized 
with a higher concentration of extract. It has been reported that ketones can act as 
stabilizing agents during the synthesis of gold nanoparticles [81]. Among all the 
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different functional groups, ketones can stabilize and direct the shape of the gold 
nanoparticles by adsorbing onto specific crystal planes leading to anisotropic gold 
nanoparticles. As this effect of ketones binding with gold nanoparticles is well-known, 
it explains why the vibrational stretching frequency of ketones disappeared when 
lower an amount of extract was used. However, when it was synthesized with higher 
concentration of extract, reaction medium contains excessive amount of free un-
bound ketones after stabilized gold nanoparticles and thus it reappeared in the FTIR 
spectra.    
3.4 Conclusion 
In summary, gold nanoprisms were synthesized from the reduction of gold 
ions C. tamala leaf extract without using any shape directing agent. The leaf extract 
was prepared by two slightly different methods and the leaf extract that was obtained 
by heating the dried leaves in water in a sealed reaction vessel produced better and 
more reproducible nanoprisms. This might be due to the presence of a higher and 
controlled concentration of volatile organic components in the leaf extract under 
closed conditions. Anisotropic nanoparticle formation was kinetically controlled; 
therefore nanoparticle formation was carried out at four different temperatures to 
understand the effect of temperature on gold nanoprism formation. Moreover, the 
amount of extract was also varied at four different temperatures to see its effects in 
controlling the size and shape of the nanoparticles. Detailed studies on these two 
parameters clearly showed distinct effect in controlling the shape of the nanoparticles 
and their sizes. As a result, the high degree of tunability in surface plasmon 
resonance of these nanoparticles could be achieved. At lower temperatures, this 
method yields a larger proportion of anisotropic nanostructures, while at higher 
temperatures, they tend to form a mixture of small anisotropic nanoparticles and 
spherical nanoparticles. It is well-recognised that it is highly challenging to separate 
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different shapes of nanoparticles. Attempts were made to purify gold nanoprisms 
from the contaminating population of spherical gold nanoparticles by using different 
combinations of centrifugation speed and time; however purification could not be 
achieved successfully. This reinforces the importance of a synthesis strategy, 
through which a high population of gold nanoprisms may be directly obtained during 
synthesis. The current study shows that at lower reaction temperature, a reasonably 
high population of gold nanoprisms could be obtained, that should make them 
suitable for future applications requiring a large nanoprism population in the sample. 
Further, in the future other purification strategies such as density gradient 
centrifugation, gel-based separation and electrophoretic strategy may be attempted 
to address this issue and achieve higher level of purity in nanoparticle morphology. 
Additionally, it was noticed that while smaller volumes of extract promote larger 
nanoprism formation, higher amount of extract favors smaller nanoprisms formation. 
Finally, a probable reaction mechanism was proposed to explain the reduction of 
gold ions using the leaf extract, where it was elucidated that primary and secondary 
alcohols present in C. tamala leaf extract are responsible for gold ion reduction while 
ketones are responsible for the control of shape anisotropy to form gold nanoprisms.  
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Chapter IV  Role of Halide ions during the biosynthesis of gold nanoparticles 
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4.1 Introduction  
Control over the size and shape of nanoparticles enables the tuning of their 
physical, chemical and biological properties in order to customize them to be suitable 
for therapeutic [1-8], diagnostic [9-13], electronic [14-16], catalytic [17-26] and 
sensing [27-34] applications. The presence of halide ions have also been shown to 
influence the shape of the nanoparticles during their formation [35]. In particular  the 
adsorption of chloride, bromide and iodide ions vary the reduction kinetics of gold 
ions and their growth [36]. Chloride ions are known to promote nanotriangle 
formation, while iodide distort the morphology of the triangles in leaf extract-based 
synthesis [35] and promotes the synthesis of triangles in seed-mediated nanoparticle 
synthesis [36, 37]. With the exception of fluoride, all the halide ions have been 
reported to adsorb onto (111), (110) and (100) facets of gold nanoparticles [38].  
In Chapter III, it was shown that gold nanoprism formation using the bay leaf extract 
assisted the reduction of gold ions. As part of our ongoing investigation into the 
growth mechanism of gold nanotriangles using this plant extract, we present herein 
our study on the effect of halide ions present during the biosynthesis of gold 
nanoprisms. 
4.2 Role of halide ions in nanoprisms formation 
4.2.1. Experimental details 
To study the effect of halide ions on the morphology of gold nanoprisms 
formed by bay leaf extract reduction of gold ions, studies were carried out in the 
presence of potassium halides (KF, KCl, KBr and KI), while the concentration of 
halide was varied from 0.01 mM to 2 mM. The total volume of the aqueous solution 
was maintained at 5 mL and the concentration of HAuCl4 at 0.5 mM. The amount of 
leaf extract for the reduction was 900 µL for KF, KCl and KI and 1000µL for KBr. The 
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reason of this variation is that KBr gives a large red shift and KF gives blue shift in 
the SPR bands. All the synthesis details are listed in the following table. 
Table 4.1 Concentration of chloroauric acid, halide ion concentration and the 
final volume 
HAuCl4 Conc. (mM) Halides Conc. (mM) Final volume (mL) 
0.5 0 5 
0.01 
0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
1 
1.5 
2 
 
4.3 Results and discussion 
4.3.1 UV-Visible spectral results 
 The optical properties of gold nanoprisms and any changes associated with 
the two distinct SPR bands (Transverse and Longitudinal SPR frequencies) as a 
result of halide ion addition was used to follow the morphological changes.  Any 
specific adsorption of these ions onto the growing nanocrystal will surely modify 
further growth, which would be observed as changes in their optical properties, 
therefore the UV-Vis spectra of the nanoparticle solution were acquired and the 
spectra are given Figure 4.1. Figure 4.1(a) shows the UV-Vis spectra of gold 
nanoparticles prepared in the presence of fluoride ions, while concentration of F- was 
varied from 0.01 mM to 2 mM. The gold nanoprism control (prepared in the absence 
of KF) showed two distinct SPR bands, corresponding to the transverse SPR band 
and longitudinal SPR band respectively. However the addition of KF in varying 
concentrations from 0.01 mM to 0.5 mM resulted in the minor changes in the position 
of SPR bands. 
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Figure 4.1 UV-Vis spectra of gold nanoparticles formation in the presence of 
increasing amounts of KF (a), KCl (b), KBr (c) and KI (d).  
These changes suggest fluoride exerts minor shape controling effect during 
nanoprim formation. Further increasing the fluoride concentration up to 2 mM showed 
a blue shift in the longitudinal band observed at 760 nm. As a result, nanocrystal 
formation is effected due to high concentrations of electrolyte.  
Addition of chloride ions during the nanoprism formation, up to a small concentration 
of chloride, did not affect the SPR bands as it is seen in Figure 4.1(b). However, 
increasing the chloride concentrations up to 2 mM resulted in a red shift in the UV-Vis 
spectra, in contrast to the blue shift that was observed in the case of fluoride. This 
red shift may be attributed to the known effect of chloride ion induced growth of (111) 
oriented triangular particles. Also, at higher concentration of chloride ions, 
precipitation (as a result of the common ion effect) on to the surface of the 
nanoparticles can take place, which further directs the shape towards the (111) 
direction [36, 39].  
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Figure 4.1(c) shows the effect of bromide ions on the SPR absorption of gold 
nanoprisms. The changes observed in the SPR band as a result of bromide ion 
addition was completely different from both chloride and fluoride ions. Addition of 
bromide ions, even in low concentrations, broadened the transverse and longitudinal 
SPR bands, a clear indication of bromide adsorption onto the nanoparticles and its 
shape controlling effect. In particular, the in-plane SPR band showed a red shift as 
well as broadening. A further increase in the bromide concentration shows a red shift 
that eventually disappeared.  
Addition of iodide ions showed major changes in the optical spectra (Figure 4.1d) of 
the nanoparticles which were very different from the other three halide ions. The 
longitudinal SPR band completely disappeared even at low concentrations of iodide 
ion and only one, out-of-plane transverse SPR absorption was observed. These 
results clearly indicate that iodide ions adsorb strongly onto the gold surface and 
nanoprims formation was almost totally inhibited.  
4.3.2 Transmission electron microscopic studies 
 Based on the UV-Vis spectral results, addition of different halide ions modifies 
the shape of the nanoprisms. Therefore, TEM imaging of all these nanoparticles were 
carried out to see the morphological changes directly and the images are given in 
Figure 4.2. Figure 4.2(a2, a3 and a4) show the nanoparticles of gold obtained after the 
reduction by the leaf extract in the presence of fluoride ions. Gold nanoprisms 
formation was observed from very low to high concentration of fluoride. Although the 
spherical particle population with respect to nanoprism increased considerably, 
fluoride did not have a significant effect on the morphology of the particles. The size 
of the nanoprisms decreased as the concentration of fluoride ions increased. TEM 
imaging of these particles support the UV-Visible spectral results of gold nanoprisms 
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synthesis in the presence of fluoride ions. These results suggest that fluoride ions do 
not adsorb to the gold nuclei, hence no effect on the shape of the nanoparticles 
 
Figure 4.2 TEM images of gold nanoprisms obtained in the absence of fluoride 
ions (a1), chloride ions (b1), bromide ions (c1) and iodide ions (d1) and in the 
presence of fluoride ions (a2 to a4), chloride ions (b2 to b4), bromide ions (c2 to 
c4) and iodide ions (d2 to d4) Subscripts 1, 2, 3 and 4 denotes the concentration 
of 0 mM, 0.01 mM, 0.4 mM and 2 mM halide, respectively. Scale bar 
corresponds to 200 nm. 
 Figure 4.2 (b2, b3 and b4) show the TEM images of the nanoparticles of gold 
obtained after the reduction of gold ions by the leaf extract in the presence of chloride 
ions of varying concentrations. In contrast to fluoride, chloride ions influence the 
shape of the nanoparticles formed. The population of gold nanoprisms increased as 
the concentration of chloride increased from 0.4 mM to 2 mM. As discussed earlier, 
chloride ions are deposited on the surface of the gold seeds due to common ion 
effect [36, 39]. The adsorbed layer of chloride was shown to induce the formation of 
anisotropic gold nanoparticles in the presence of leaf extract [35]. Therefore addition 
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of high concentration of chloride ions favors the nanoprism formation due to its 
adsorption.  
The TEM images of the gold nanoparticles obtained after the reduction of gold 
ions by the leaf extract in the presence of bromide ions are shown in Figure 4.2 (c2, 
c3 and c4). Interestingly, larger nanoprisms were formed when the concentration of 
bromide was increased from 0.4 mM to 2 mM during the reduction process. The size 
of the spherical particle also increases as the bromide concentration increases. 
These results will happen only when bromide ions bind certain faces selectively and 
allow the growth in only in certain direction [37, 40-43] .  
Figure 4.2 (d2, d3 and d4) shows the TEM images of the gold nanoparticles 
obtained after the reduction of gold by the leaf extract in the presence of iodide ions 
of different concentrations. Even at low iodide concentrations, significant changes in 
the shape of the nanoparticles were observed. Irregular shaped particles were 
formed when 0.01 mM iodide ion was used. As the concentration was increased to 
0.4 mM, larger spherical particles were formed. However, in the presence of 2 mM 
concentration of iodide, larger aggregates of nanoparticles were obtained. Therefore, 
iodide plays a major role in changing the nanoparticles shape. 
4.3.3 X-Ray diffraction results (XRD) 
As discussed briefly above, different halide ions possess different adsorption 
behaviour on gold surfaces, which can eventually affect the morphology and shape of 
the particles [37, 40-43]. The size and relative polarizability of these ions are different 
and their adsorption onto different crystal facets modifies the rate of growth of each 
crystal plane in the gold nanoparticle.  
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Figure 4.3 X-Ray diffraction patterns of gold nanoprisms (control in all graphs) 
and in the presence of fluoride ions (a), chloride ions (b), bromide ions (c) and 
iodide ions (d).  
Figure 4.3(a) shows the XRD patterns recorded from nanoprisms in the 
absence and presence of fluoride ions at three different concentrations (0.01 mM, 
0.04 mM and 2 mM). The relative intensities of different crystalline planes of gold do 
not significantly change, even after the addition of 2 mM fluoride ions. These results 
indicate that fluoride has little or no control on the shape of the nanoprisms. Addition 
of chloride and bromide ions during the nanoparticles formation did not significantly 
change the diffraction patterns of gold as seen in Figure 4.3b and c. Since the gold 
precursor used wad HAuCl4, after reduction, it generates of lot of free chloride ions. 
Therefore the addition of more chloride ions may induce a common ion effect, 
however, it did not affect the chemistry of the nanoprisms formation. This may be why 
there is very little change in the XRD patterns of the gold nanoparticles both in the 
presence of chloride and bromide ions. Adding bromide ions resulted in a red shift 
and broadness in the longitudinal SPR band of the nanoprism that indicating that 
polydispersity of the nanoparticles formed during the reaction. Figure 4.3d shows the 
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XRD patterns of gold nanoparticles as a result of increasing iodide concentration. 
Similar to the UV-Vis results, the XRD patterns of gold nanotriangle showed major 
changes even after the addition of low concentrations of iodide. High energy planes 
of polycrystalline gold such as (200) (220) and (311) were disappeared and new 
diffraction peaks were observed at lower concentrations of iodide ions. Interestingly, 
it was observed that at highest tested concentration of iodide ions (2 mM), those 
additional peaks were not observed. At this stage, it is not clear why those additional 
XRD signatures appeared at lower KI concentrations were absent at high KI 
concentrations. One potential explanation may be that strong binding of iodide ions to 
the surface of gold nanoparticles results in crystalline gold-iodine complexes, 
resulting in new peaks at lower KI concentration. However, at higher KI concentration 
(2 mM), large clusters of Au nanoparticles are observed in TEM images and it is 
possible that these crystalline complexes may be embedded within aggregated gold 
nanoparticles. This does not allow the corresponding XRD features to be present in 
the XRD patterns. Therefore the addition of iodide resulted in major changes during 
the crystal growth, while fluoride ions had the least effect.  
4.3.4 Fourier transform infrared spectroscopic results 
(FTIR) 
 FTIR spectral analysis of gold nanoprisms synthesized by the reduction of 
gold ions in the presence of halide ions were carried out to see their role in changing 
the vibrational structure of the biomolecules bound to the nanoparticle surface. 
Vibrational frequencies of KI, KBr, KCl and KI generally don’t appear in the mid-IR 
region, therefore any change in the FTIR spectra after the addition of halide ions can 
be considered as a proof to its role in replacing the molecules that were bound to the 
nanoparticles. Figure 4.4 shows the FTIR spectra of the extract, gold nanoparticle 
control and gold nanoparticles after the addition of three different concentrations of 
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halide ions. In the case of fluoride, there was little change in the FTIR spectra of the 
nanoparticles obtained at all concentrations of fluoride ions as compared to the FTIR 
spectrum of the control nanoparticles (in the absence of halide, but keeping the other 
reaction parameters constant). These results indicate that even at higher 
concentrations of fluoride, the halide had little effect on the phytochemical 
composition that is bound to the nanoparticles. 
 
Figure 4.4 FTIR spectral results of the extract, gold nanoprisms obtained after 
the reduction of 900 µL)of extract and the same amount of extract in the 
presence of fluoride (a), chloride (b), bromide (c) and iodide (d). 
However, at high concentration of chloride, bromide and iodide, peaks that 
were initially present in the finger print region disappeared. This is likely to happen 
when these ions start to replace the molecules from the nanoparticle surface, and are 
a consequence of these ions binding ability to the gold nanoparticle surface. 
Moreover, the carbonyl stretching frequency was shifted to higher frequencies, while 
the NH3+ deformation peak originally appearing at 1519 cm-1 [44], shifted to 1500 cm-
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1 irrespective of all the halide added (with the exception of fluorides). This might be 
due to the binding of halide ions with the protonated amine groups of some amino 
acids present in the leaf extract. Since potassium halides were added as a source for 
halides, the carboxylic acid groups tend to coordinate to the potassium ions [45], 
which may be responsible for the shift of carbonyl stretching frequency as well as its 
disappearance at high concentration.  Since these halide ions don’t have any specific 
vibrational features in this region, it is difficult to see the direct changes of their 
binding with the nanoparticle surface. 
4.4 Summary and Conclusions 
In summary, it has been shown that the addition of halide ions during the nanoprism 
formation was found to affect the morphology of the nanoprisms and their yield. 
Since fluoride ions do not have affinity to bind the gold surface, addition of fluoride 
ions did not bring much change to the shape of the nanoparticles. Chloride and 
bromide addition contribute significantly to the nanoprisms formation, even though 
they compete with the shape directing phytochemicals present during the synthesis. 
Both chloride and bromide ions bind strongly to the (111) surface of gold at higher 
concentrations, however the presence of both ions on the surface of gold 
nanoparticles led to the formation of nanoprisms of different sizes. Iodide ions 
addition during the nanoparticle synthesis was shown to cause significant changes in 
the nanoparticles obtained, which were irregular and spherical in shape and formed 
large aggregates. It could be concluded that fine tuning of SPR is possible using 
varying concentration of fluoride and chloride ions. Again, the size of the 
nanoparticles can be controlled using different concentration of bromide ions. The 
ability to tailor the shape of gold nanoparticles, and thus their optical properties 
during the biosynthesis approach by the addition of halide ions during their 
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biosynthesis could be an important approach to further understand the mechanism 
involved in shape control.  
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Chapter V  Role of CTAB during the biosynthesis of gold nanoparticles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Page | 90 
 
5.1 Introduction  
The current major challenge in metal nanoparticles research has been 
focussed on developing novel synthesis protocols to achieve an efficient control of 
the shape and size [1-7]. In particular, the shape of the nanoparticles is difficult to 
control, which is an important and useful parameter for tailoring the optical properties 
of the nanoparticles, especially gold nanoparticles. Anisotropic nanoparticles, such 
as rods [8, 9], triangles [10] and cubes [11] can be achieved by using shape directing 
agents and template assisted growth. In the previous chapter, it was demonstrated 
that the gold nanoprisms are formed without the addition of any external shape 
directing agents. Another aspect is that their formation is kinetically controlled, 
therefore temperature and other shape directing agents play an important role in 
controlling the kinetics of nanoparticle formation. 
It is well known in the literature of gold nanoparticles, that surfactants like 
cetyltrimethylammonium bromide (CTAB) [11, 12], halide ions [13] and silver ions 
[14], play a key role in directing the growth of anisotropic nanostructures during their 
chemical synthesis. Addition of small quantities of silver ions was required during the 
photochemical reduction of gold ions to obtain gold nanorods, although CTAB also 
plays a key role in directing the nanoparticle formation [14]. Murphy et al. have 
developed a synthesis strategy to make gold nanorods using a seed-mediated 
approach, wherein small gold nanoparticles on the surface of a CTAB micellar 
template act as seeds to obtain anisotropic shapes such as nanorods [9]. 
Interestingly, the surfactant concentration [15], the counter metal ions [16], iodide 
impurities present in the CTAB as well as source of CTAB from different chemical 
suppliers [17] all played a major role in controlling the shape of the nanoparticles.  
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As part of the ongoing investigation into the growth mechanism of gold nanotriangles 
using this Cinnamom tamla leaf extract, the study on the effect of CTAB presence 
during the biosynthesis of gold nanoprisms was carried out and presented below are 
details of the investigation.  
5.2 Role of CTAB in nanoprism formation 
5.2.1. Experimental details 
In the previous chapter, it was shown that temperature and the amount of 
extract played a key role in nanoprism formation as well as their sizes.  
Table 5.1 Concentration of chloroauric acid, volume of leaf extract, overall 
CTAB concentration and the final volume. 
HAuCl4 Conc. 
(mM) 
CTAB Conc.  
(mM) 
Leaf Extract 
Volume (µL) 
Final Volume  
(µL) 
0.5 0, 0.1, 1, 10 100- 1000  5 
 
In this work, similar methodology was used to obtain nanoprisms using different 
amounts of extract, but in the presence of cetyltrimethylammonium bromide. Similar 
to the method given in Chapter 3, the total volume of the aqueous solution was 
maintained at 5 mL and the concentration of cholorauric acid at 0.5 mM. The amount 
of leaf extract was varied from 100 µL to 1000 µL, while for each volume of these 
extract, the concentration of CTAB was varied (0 mM, 0.1 mM, 1 mM and 10 mM) to 
see any concentration dependant shape controlling effects. All the synthesis details 
are listed in (Table 5.1) and the images of the nanoparticles are given in Figure 5.1. 
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Figure 5.1 Images of the gold nanoparticles solution obtained using different 
volumes of extract in the absence of CTAB (row a) and in the presence of 0.1 
mM (row b), 1mM (row c) and 10 mM (row d) CTAB. Subscript 1, 2, 3, 4, 5, 6, 7, 
8, 9 and 10 denotes the 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 µL 
extract used to reduce the gold ions respectively. 
5.3 Results and discussion 
5.3.1 UV-Visible spectral results 
 In the previous chapter, it was clearly shown how the leaf extract preparation, 
variation in volume of leaf extract and temperature of the reaction medium controls 
the nanoprisms size and their formation.  Since gold nanoprisms exhibit two distinct 
SPR bands in their UV-Visible spectra, which correspond to the in-plane and out-of 
plane SPR frequencies, then the addition of CTAB will surely reflect in their optical 
properties if the CTAB molecules play a vital role in controlling the shape of the 
nanoprisms. UV-Visible spectra of the nanoparticles solution were acquired to see 
what effect CTAB has on the gold nanoparticles formation. Figure 5.2(a) shows the 
UV-Vis spectra of gold nanoparticles obtained as a result of the gold ions reduction 
by bay leaf extract without the addition of CTAB. These results were used as a 
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reference, since the shape control was achieved only by the phytochemicals present 
in the extract. 
 
Figure 5.2 (a) UV-vis spectra of gold nanoprisms (a) before and (b-d) after the 
addition of increasing amounts of CTAB (b) 0.1 mM (c) 1 mM and (d) 10 mM.  
From the spectra, it can be clearly seen that gold nanoprisms are formed, 
based on the observation of two distinct SPR bands. However, the position of the 
longitudinal SPR absorption bands was varied when the amount of extract was 
varied. As discussed in the previous chapter, increasing the amount of extract 
increased the concentration of phytochemicals which resulted in reduction of the size 
of the nanoprisms as well as their morphology. Figure 5.2 (b) shows the UV-Vis 
spectra of gold nanoparticles formed by reduction using bay leaf extract, in the 
presence of 0.1 mM of CTAB. Addition of CTAB resulted in significant changes in the 
SPR bands especially the longitudinal SPR band observed in the NIR region. The 
longitudinal SPR band appeared in the case where pure extract was used to reduce 
gold ions, was blue-shifted and transformed as shoulder when CTAB was added. 
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This may be due to the formation of smaller anisotropic nanoparticles and their poor 
yield and this might be entirely due to the addition of CTAB only that brought the 
changes in the shape that was reflected in their UV-vis spectra. Increasing the 
concentration of CTAB from 0.1 mM to 1 mM resulted in further changes in the UV-
Vis spectra and the spectra is shown in Figure 5.2(c). The longitudinal SPR band 
was absent when the concentration of CTAB was increased to 1 mM, while the SPR 
band was present in the case of 0.1mM of CTAB was added. Instead, a weak 
shoulder, almost flat spectra was observed that can be associated with significant 
scattering in the red end of the spectrum. The scattering may be due to the micelle 
formation of CTAB because critical micelle concentration (CMC) of CTAB is 0.89 mM 
[18]. However in all these cases, the transverse SPR band didn’t change 
significantly. As the concentration of CTAB was increased to 10 mM the UV-Vis 
spectrum clearly showed only one SPR absorption band, which showed red shift as 
the amount of leaf extract increased. The red shift observed in the SPR band as a 
result of increasing the leaf extract might be due to the aggregation of particles 
and/or polydispersity in size of the nanoparticles formation and/or formation of new 
anisotropic structures. 
5.3.2 Transmission Electron Microscopic studies 
 Based on the UV-Vis spectral results of the nanoprisms, the introduction of 
different concentrations of CTAB during the nanoprisms formation affected the 
morphology and yield of nanoprisms. Therefore, TEM imaging of all these 
nanoparticles were carried out to see the morphological changes directly and the 
images are given in Figure 5.3. 
TEM images a1, a2 and a3, show the gold nanoparticles obtained after the 
reduction of gold ions using 200 µL, 600 µL and 1000 µL of extract, respectively. 
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Similar to the extract dependant formation of nanoprisms as discussed in the chapter 
3, the formation of gold nanoprisms was found to be higher in the case when 200 µL 
and 600 µL of extract was used in the reduction. Another interesting observation was 
that an increase in the amount of the extract was associated with a decrease in the 
size of the nanoparticles when they were synthesized in absence of any external 
agents.  
 
Figure 5.3 TEM images of gold nanoprisms obtained in the absence of CTAB 
(row a) and in the presence of 0.1 mM (row b), 1mM (row c) and 10 mM (row d) 
CTAB. Subscripts 1, 2 and 3 denote the use of 200 µL, 600 µL, 1000 µL extract, 
respectively used to reduce the gold ions. Scale bar 200 nm.  
It has been shown in the chapter 4 that up to 2 mM concentration of bromide 
ions promotes formation of nanoprisms in the presence of leaf extract. In the present 
study, when 1 mM CTAB was used, it facilitates formation of nanoprism because the 
concentration of Br- counter ion of CTAB is only 50% of that of 2 mM as shown in 
Figure 5.3(c1, c2 and c3). However, when the CTAB concentration is 10 times lower 
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that is 0.1 mM, it predominantly promotes formation of spherical nanoparticles in all 
cases as shown in Figure 5.3 (b1, b2 and b3). It was reported that Br- counter ion of 
CTAB plays a crucial role to form anisotropic nanoparticles during synthesis and in 
the absence of Br- counter ion (when CTAC was used instead of CTAB) or when its 
concentration is very low (when very low concentration of CTAB was used), it 
promotes formation of spherical nanoparticles due to binding of CTA+ ions on all the 
facets of gold nanoparticles [12, 17, 19-21]. It explains the reason of formation of 
spherical nanoparticles in the present study when 0.1 mM concentration of CTAB 
was used during synthesis. 
As the concentration of CTAB was increased up to 10 mM, it forms branched 
structures. As above CMC, CTAB is known to form elongated rodlike micellar 
structures [8, 12] in the present study, this probably directs the formation of branched 
like structures.  
5.3.3 X-Ray diffraction (XRD) studies  
 It has been demonstrated that the concentration of CTAB can affect the 
morphology of the nanoparticles and in some cases CTAB used from different 
chemical suppliers was shown to affect the shape of the particles [17]. In most cases, 
CTAB acts as a template to direct the nanoparticle growth. Moreover, the bromide 
counter ions of CTAB play a key role in directing the shape because their chloride 
analogues didn’t show any shape directing effect [12, 17, 19-21]. To see the effect of 
CTAB on nanoprisms formation, X-Ray diffraction patterns of the samples were 
acquired and are given in Figure 5.4. Gold nanoprisms obtained by the reduction of 
gold ions using 200 µL, 600 µL and 1000 µL of extracts were taken as representative 
examples and the effect of adding three different concentrations of CTAB (0.1 mM, 1 
mM and 10 mM) were studied.  
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Figure 5.4  X-Ray diffraction patterns of gold nanoprisms prepared using 
different amounts (200 µL, 600 µL and 1000 µL) of leaf extract in the absence of 
CTAB (control) and in the presence of three different concentrations of CTAB 
(0.01 mM, 1 mM and 10 mM) 
Figure 5.4(a) shows the powder X-Ray diffraction (control gold_200 µL of 
extract without any CTAB) of gold nanoprisms obtained after adding 200 µL of leaf 
extract. The 2θ values observed at 38.8º, 44.4º, 65º, 78º, 82º correspond very well to 
the (111), (200), (220), (311) and (222) crystalline planes of fcc gold. The addition of 
different concentrations of CTAB had no effect on the position diffraction peaks 
corresponding to the fcc gold. 
The relative intensities of the diffraction peaks of (200) (220) and (311) with 
respect to (111) decreases as the concentration of CTAB increases. This may be 
attributed to the CTAB-directed growth along the (111) direction with respect to the 
other crystalline planes. XRD patterns of the gold nanoprisms obtained after the 
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reduction of gold ions by 600 µL of extract are identical to those obtained using 200 
µL of the extract. However, the relative intensities of (200) (220) and (311) crystalline 
planes with respect to (111) decreases as the amount of extract increased from 200 
µL (control in A) to 600 µL (control in B) and then to 1000 µL (control in C). In the 
Chapter 3 it was shown that anisotropic nanoparticles formation was higher when 
smaller volumes of extract were added. An interesting observation here is that the 
absence of high energy planes (200) (220) and (311) are almost absent when the 
CTAB concentration was high (10 mM) and 600 µL and 1000 µL of extract were used 
as reducing agents. A similar effect was observed when large volumes of extract 
were used for the reduction, as shown in the previous Chapter 3. Therefore, the 
presence of CTAB and higher amounts of extract tend to direct the growth along the 
(111) plane, which may affect nanoprism formation. In addition, CTAB may also 
compete with the phytochemicals to bind with the growing nanoparticles, which 
restricts the growth along the high energy crystalline planes such as (200) (220) and 
(311) resulting in a major XRD feature of (111) plane. 
Overall the shape directing effect of CTAB during the gold nanoparticles 
formation was mainly due to the micellisation of CTAB molecules, formation of CTAB 
gold complex and competitive binding of bromide anions on the gold surface with 
other shape directing molecules present in the extract. All these three effects are 
known to be strongly dependant on the concentration of CTAB used during the 
nanoparticles formation. At low concentrations, formation of CTAB gold complex 
modifies the reduction kinetics of gold ions, which affect the particle size and shape. 
At higher concentrations (above CMS), formation of CTAB micelles becomes the 
predominant factor responsible for branch like growth of Au nanoparticles. 
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5.3 Summary and Conclusions 
In summary, it has been shown that the addition of CTAB during nanoprism 
formation was found to affect the morphology of the nanoprisms and their yield. At 
higher concentrations of CTAB, modification of the nanoparticle shapes to (111) 
oriented dendrites was observed. With a CTAB concentration of 0.1 mM, spherical 
nanoparticles tended to form, and at 10 mM CTAB branch-like structures were 
obtained. On the other hand, 1 mM CTAB promotes the formation of nanoprisms. At 
high concentration, CTAB templated shape growth dominated over the leaf extract 
assisted gold nanoparticles, which resulted in the formation of branched super 
structures. Again, in this case 1 mM CTAB and 200 µL of extract formed smaller 
nanoprisms and 1000 µL of extract formed larger nanoprisms compared to the 
control. Hence, it is suggested that the size of nanoprisms might depends on the ratio 
between the volume of extract and the concentration of CTAB. The ability to tailor the 
size/morphology of gold nanoparticles, thus their optical properties, by addition of 
external shape directing agents like CTAB could be an important approach to further 
understanding the mechanism involved in controlling the shape of biosynthesized 
nanoparticles. However, these preliminary new findings warrant further detailed 
studies to obtain mechanistic understandings of role of CTAB in biological synthesis 
of gold nanoparticles.  
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Chapter VI  Mercury ion sensing 
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6.1 Introduction 
The growth of human civilization has been promoted by the development of 
industrial sectors. Currently, a range of industries have been established that have 
become the primary source of manufacturing to fulfil the requirements of the society 
[1]. However, industrial development has been a cause of global concerns due to its 
negative impact on the environment. For instance, human health, biodiversity and 
ecosystem are regularly threatened due to the release of untreated industrial by-
products, most of which are toxic pollutants, into the environment [2, 3].  
Of the several by-products, one of the most toxic elements to cause significant 
detrimental effects on human and aquatic life is mercury. Incidentally, a large 
proportion of mercury is released to the environment through industrial activities. 
According to UNEP global mercury assessment 2013, the main sources of mercury 
emissions are coal burning, mining, ore processing industries and cement industries 
[3]. In fact, the harmful effects of mercury on human health impelled the United 
States and the European Union to classify mercury as one of the most hazardous 
substances that pollutes the current environment [4]. Several measures and 
processes have been implemented to reduce mercury emission into the environment. 
Given the toxic status of mercury, about 140 nations recently adopted a treaty, 
named the Minamata Convention, to regulate the use and trade of mercury [5, 6] to 
minimize the accidental release of this pollutant. In spite of such strict measures, 
there have been several incidences of mercury release into the environment. For 
instance, over 2000 people in Minamata Bay, Japan were severely affected by 
mercury poisoning and several died after the consumption of mercury contaminated 
fish [7]. A similar outbreak occurred in Iran, wherein several people were affected 
due to the consumption of grains that were treated with organomercury fungicides 
[7]. 
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Figure 6.1 Mercury cycle in the environment. Modified with permission from ref 
[4].  
Mercury in the environment can exist in several chemical states. The 
pathways followed by mercury in the environment are outlined in Figure 6.1. In 
particular, more than 99% of the total mercury emission is in the form of elemental 
mercury (Hg0) [8]. However, inorganic Hg2+ compounds can be reduced to form Hg0 
through biogeochemical transformation that can enter the aquatic environment 
through water runoff. In addition to elemental mercury, inorganic Hg2+ compounds 
can also follow a cycle wherein these inorganic compounds dissolve in water and 
further undergo bio-methylation to form mono-methyl mercury (MMeHg) and di-
methyl mercury (DMeHg) [9-13]. This methylation of Hg2+ compounds is highly 
reversible through microbial activities [4, 10, 14-17]. It has been reported that, of the 
several forms of toxic mercury found in the environment, methyl mercury is most toxic 
due to its bioavailability [9]. Hence, methyl mercury is the most common cause of 
human health risks due to its potential presence in drinking water and aquatic life. 
Given the high toxicity of methyl mercury, the United States Environmental Protection 
Agency has set a maximum value of 0.002 mg/L of mercury in drinking water to 
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prevent mercury poisoning and other human health hazards [18]. It is evident that 
mercury is extremely toxic to human health and it is of utmost importance to detect 
mercury in drinking water with high sensitivity and selectivity. Mercury detection in 
environmental samples is a highly researched area wherein several detection 
methods have already been developed. In addition, there has also been extensive 
research for more suitable methods to control the release of mercury in to the 
environment. 
With particular emphasis on sensing strategies, there have been several 
techniques that have shown the potential to detect mercury. For example, quartz 
Crystal Microbalance (QCM) sensors [19], resonating micro cantilevers [20], 
resonating piezoelectric cantilever [21] and  zeptogram-scale nanomechanical mass 
sensing [22]. In addition to these techniques, cold vapour atomic fluorescence 
spectrophotometry (CVAFS) [4, 23], gas chromatography, liquid chromatography and 
capillary electrophoresis are not only used for mercury sensing but also determine 
the speciation [24-29]. The currently employed techniques for sensing of mercury in 
aquatic and environmental samples require complex processes that are not only 
tedious but also time-consuming. In contrast, a simple method involving the change 
in the SPR feature can be used as sensing platform, by utilizing the the ability of gold 
nanoparticles to amalgamate with mercury was exploited. The recent concerns on 
chemically synthesized nanoparticles have led researchers to explore biological 
routes for the synthesis of nanoparticles. Of the several organisms, plant extracts 
offer a simple and fast route for the synthesis gold and silver nanoparticles. 
Incidentally, these biologically synthesized nanoparticles have also been shown to 
detect mercury [30, 31]. In one of these studies, gold nanotriangles were employed 
for the detection of mercury wherein the mode of detection is by studying the ratio of 
the two SPR bands in the UV-visible spectra typically observed in the case of gold 
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nanotriangles [31]. Similarly, biologically synthesized silver nanoparticles have been 
shown to detect mercury efficiently wherein the mode of detection is mainly focused 
on the shift in the transverse SPR bands [30].  
In the current study, gold nanotriangles synthesized using C. tamala leaf 
extract was employed to detect mercury wherein it was envisaged that the sensitivity 
of this technique could be improved by combining the benefits of the two 
aforementioned techniques viz. by studying both the change in the transverse and 
longitudinal SPR features.   
6.2 Experimental 
Gold nanoprisms used for the mercury ion sensing applications were obtained 
by the reduction of gold ions by Cinnamomum tamala leaf extract, as outlined in 
Chapter 3. However, for the present work, gold nanoprisms were obtained by 
reducing 0.5 mM chloroauric acid by using 900 µL of the leaf extract at 25º C 
(detailed description of synthesis in Chapter 3). The purple solution obtained after the 
reaction was thoroughly characterized using UV/Vis spectrophotometry, TEM, XRD 
and FTIR.  AAS analysis was carried out to estimate the total Au content of the gold 
nanoprisms solution before it was used for mercury ion sensing application. Based 
on the AAS results, total gold content in the nanoparticles stock solution was 
estimated and 0.5 mM gold containing nanoparticles solution was used to perform all 
mercury sensing experiments. 
Mercury (II) Chloride [HgCl2] was chosen as the source of mercury ions due to 
the solubility of this salt in water. HgCl2 stock solutions of 1 µM, 5 µM, 10 µM, 25 µM, 
50 µM, 75 µM, 100 µM and 500 µM, 1000 µM were prepared by dissolving the 
appropriate amounts of HgCl2 in milli-Q water, independently. Stock solution of 10 
mM NaBH4 was also freshly prepared by dissolving in milli-Q water.  
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Table 6.1: Final concentrations of Au nanoparticles, NaBH4 and HgCl2 used for 
Mercury ion sensing applications. 
AuNPs 
Conc. 
(mM) 
NaBH4 
(mM) 
HgCl2 
Conc. 
(µM) 
AuNPs 
Conc. 
(mM) 
NaBH4 
(mM) 
HgCl2 
Conc. 
(µM) 
0.15  0 0 0.05  0 0 
1 
  
0 1 
  
0 
0.2 0.2 
1 1 
2 2 
5 5 
10 10 
15 15 
20 20 
100 100 
200 200 
0.1  0 0 0.025 0 0 
1 
  
0 1 0 
0.2 0.2 
1 1 
2 2 
5 5 
10 10 
15 15 
20 20 
100 100 
200 200 
 
To determine the optimum gold concentration required for mercury sensing 
applications, 0.15 mM, 0.1 mM, 0.05 mM and 0.025 mM concentrated gold 
nanoparticles were used by taking 1.5 mL, 1 mL, 0.5 mL and 0.25 mL of gold 
nanoparticles from the parent gold nanoparticles solution (0.5 mM) respectively.  
Separately, to each, 0.5 mL of 0.2 µM, 1 µM, 2 µM, 5 µM, 10 µM, 15 µM, 20 µM, 100 
µM and 200 µM aqueous solution of HgCl2, 0.5 mL of  10 mM NaBH4 was added and 
the details are given in Table 6.1. Following the addition of both reagents, the final 
volume in each reaction was adjusted to 5 mL using milli-Q water. Two separate 
control experiments were performed in the current study wherein the final 
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concentrations of gold were maintained at 0.15 mM, 0.1 mM, 0.05 mM, 0.025 mM 
similar to the mercury sensing studies, but in one control experiment all of these gold 
nanoparticles solutions were added to 0.5 mL of 10mM NaBH4, while in the other 
case there was no addition of NaBH4.  All these reactions were monitored primarily 
using UV-Vis spectroscopy for a period of 30 minutes. The samples obtained after 
one hour were also analysed in detail using TEM, XRD and FTIR. 
6.3 Results and Discussion 
The gold nanoparticles prepared at 25º C using 900 µL extract were 
characterized using UV-Vis spectroscopy and TEM and the nanoparticle solution was 
found to be a mixture containing spherical and triangular nanoparticles. These 
nanoparticles have two distinct SPR absorption bands, wherein the transverse band 
observed at 520 nm was due to the spherical particles and in-plane SPR features of 
nanoprisms. The second and most intense longitudinal absorption was arising from 
the out-of plane SPR absorption of nanoprisms. The change in these SPR absorption 
positions must be due to the interaction of Hg0 with Au0, which can be considered as 
a way to detect mercury. As Hg2+ ions are not known to amalgamate with gold [31], 
NaBH4 was used to facilitate the formation of Hg0 from Hg2+ ions by chemical 
reduction. Therefore these mercury sensing experiments were performed by 
exposing the Au nanoparticles to varying concentrations of HgCl2 in the presence of 
NaBH4. The Hg0 produced during the process amalgamates with the mixed 
population of spherical and triangular gold nanoparticles.  This process of 
amalgamation resulted in a change in both the transverse and longitudinal SPR 
bands that were monitored to determine the sensitivity of mercury detection.  
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Figure 6.2 UV-Vis spectra (a) 0.15 mM, (b) 0.1 mM, (c) 0.05 mM and (d) 0.025 mM 
gold nanoparticles and after their interaction with different concentrations of 
mercury ions and NaBH4.     
Figure 6.2 shows the UV-Visible spectra of gold nanoparticles of four different 
concentrations before and after their interaction with the mixture containing different 
concentrations of mercury ions and sodium borohydride. In all cases, both the 
transverse and longitudinal SPR bands show a blue shift as the mercury 
concentration increased. This is a clear indication of an interaction between the 
mercury and gold nanoparticles. Another important aspect to be addressed is the 
optimum concentration of gold nanoparticles required for the efficient detection of 
mercury. To address this, four different concentrations of gold nanoparticles were 
employed viz. 0.15 mM, 0.1 mM, 0.05 mM and 0.025 mM for each concentration of 
HgCl2. It is clearly evident from Figure 6.2 that the different concentrations of gold 
nanoparticles had a significant effect on detecting mercury with high sensitivity. It 
was observed that at lower concentrations of gold nanoparticles, the solutions 
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showed a greater sensitivity for mercury sensing. The reason for this high sensitivity 
at lower concentration of gold nanoparticles was probably due to the greater 
accessibility individual gold nanoparticles towards mercury and thereby it could 
contribute to larger shifts of the SPR bands. In the case of the more concentrated 
gold nanoparticles solution (0.15 mM and 0.1 mM), no remarkable shift were 
observed at lower HgCl2 concentrations, while at higher concentrations (such as in 
100 µM and 200 µM HgCl2), SPR bands due to the nanoparticles completely 
disappeared (Figure 6.2 a & b). However, in the case of 0.05 mM and 0.025 mM gold 
nanoparticles solutions, even lower concentrations of HgCl2 showed relatively large 
shifts in the SPR bands (Figure 6.2 c & d). At these gold concentrations, the SPR 
features  disappeared when higher concentrations of HgCl2 such as 15 µM, 20 µM, 
100 µM and 200 µM were used. The control experiment, where the same 
concentrated gold nanoparticles solutions were added to NaBH4 without any mercury 
ion did not exhibit any remarkable change in the SPR bands. Therefore, the 
reduction of mercuric ions by NaBH4 initiates the amalgamation and that is reflected 
as changes in the absorption spectra. Overall, in each solution of increasing 
concentration of HgCl2 were added to the mixture of gold nanoparticles and NaBH4, 
the SPR bands exhibited a blue shift that, at higher concentrations vanished (Figure 
6.2) 
This strongly suggests that the hypothesis of one gold nanoparticle interacting 
with several mercury atoms indeed plays an important role and has a significant 
effect on the sensitivity of using this technique for mercury ion sensing. Control 
experiments revealed that the shift in the SPR peaks are indeed due to the 
interaction of gold and mercury, wherein the mercury was formed by the chemical 
reduction of mercury ions into metallic or elemental mercury. Therefore, the blue 
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shifts observed in the case of decreasing mercury concentrations are due to the 
amalgamation of gold and mercury atoms.         
 
Figure 6.3 Shift in the (a) transverse and (b) longitudinal ∆λmax (nm) of gold 
nanoparticles as a function of different concentrations of mercury ions.  
 To further quantify the results, the blue shift in the transverse and longitudinal 
SPR band positions were plotted against the respective increase in mercury 
concentration and the results are given in Figure 6.3. It is clearly evident that the 
longitudinal SPR band peak positions show a larger blue shift (up to 120 nm) than 
that of the transverse SPR bands peak maxima (~ 35 nm) as the concentration of 
HgCl2 in the reaction solution was increased (Figure 6.3). The line that corresponds 
to Δλmax of the SPR band of 0.025 mM gold nanoparticles solution is much sharper 
than that for 0.15 mM, which supports the conclusion that lower concentration of gold 
nanoparticles are better candidates to achieve high sensitivity towards mercury 
sensing. Based on these results, the sensing ability of these gold nanoparticles can 
sense up to at least 0.2 µM concentrations of Hg2+ ions. At the lowest concentration 
of Hg2+ ions tested, the transverse and longitudinal SPR bands both showed a blue 
shifts of 5 nm. This study also indicates that by controlling the initial nanoparticle 
concentration, the dynamic range in which Hg2+ ions can be sensed can be 
controlled. It is likely that if the concentration of gold nanoparticles is further reduced, 
even an ever lower concentration of Hg2+ ions may be detected. 
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Figure 6.4 TEM images obtained from gold nanoparticles at 0.025 mM 
concentration exposed to different concentrations of HgCl2 in the presence of 
sodium borohydride. Here, (a) Control gold nanoparticles, (b) Control gold 
nanoparticles with NaBH4, (c) 0.2 µM HgCl2, (d) 1 µM HgCl2, (e) 2 µM HgCl2, (f) 5 
µM HgCl2, (g) 10 µM HgCl2, (h) 15 µM HgCl2, (i) 20 µM HgCl2 (j) 100 µM HgCl2 
and (k) 200 µM HgCl2. Scale bar in all figures corresponds to 200 nm.   
To further understand the shifts observed, especially in the case of the lowest 
gold concentration of 0.025 mM, additional characterization using TEM, XRD and 
FTIR techniques have performed to gain insights into possible gold-mercury 
interactions. TEM was first employed to study the morphological changes in the 
shape of the nanoparticles, which can explain the blue shifts in the SPR features 
observed in the UV-Vis spectra (Figure 6.2). Figure 6.4 shows the TEM images of the 
gold nanoparticles, gold nanoparticles with sodium borohydride and gold 
nanoparticles with the mixture containing sodium borohydride and different quantities 
of HgCl2. The TEM images of the gold nanoparticles solution made by the reduction 
using 900 µL of leaf extract showed a high percentage of nanoprisms and a smaller 
Page | 112 
 
percentage of spherical particles. After the addition of sodium borohydride, there was 
no change in the shape of the particles.  Therefore, it is clear from these TEM images 
that the control samples of gold nanoparticles and gold nanoparticles incubated with 
1 mM NaBH4 do not show any morphological changes (Figure 6.4 a & 6.4 b). 
However, with increasing concentrations of mercury, the change from triangular and 
hexagonal nanoprisms to spherical morphology is clearly evident (Figure 6.4 c-k). 
This might occur when elemental mercury formation (as a result of mercury ions 
reduction by NaBH4) amalgamates with the gold nanoparticles takes place. However, 
morphological changes from prisms to spherical particles can be explained only 
when the tips and edges of the triangles are the initial sites of amalgamation. 
 
Figure 6.5 Schematic diagram of interaction between gold nanoparticles and 
mercuric ions.  
In addition to the transformation of anisotropic nanoparticles to isotropic 
nanoparticles, it is also evident that the spherical nanoparticles formed as a result of 
mercury amalgamation further undergo significant change with smaller spherical 
particles fusing together to make larger spherical gold nanoparticles (Figure 6.5). 
This is in agreement with previous studies, where it has been reported that Hg0 
amalgamates with gold nanotriangles on the tips and edges, while in the case of 
spherical nanoparticles, it tends to make a thick layer around the particle leading to 
morphological transformation [31]. For instance, gold nanoparticles started to take on 
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a spherical shape in the presence of 2-15 µM HgCl2 (Figure 6.4 d and g). The fusion 
of spherical nanoparticles starts from 100 µM concentration of HgCl2 (Figure 6.4 h) 
and this trend continues up to the highest concentration tested in this studies of 200 
µM HgCl2 (Figure 6.4 i). These observations further confirm that the shifts observed 
in the transverse and longitudinal SPR features are primarily due to morphological 
changes, resulting from amalgamation with mercury. 
 
Figure 6.6 (a) XRD patterns obtained from biosynthesised gold nanoparticles 
after exposure to different concentrations of mercury ions. (b) XRD pattern of 
control gold and gold nanoparticles exposed to 200 µM concentration of 
mercury showing the formation of additional peaks.  
To further confirm if the interaction between gold and mercury resulted in a 
change of the crystallographic planes of gold, X-ray diffraction (XRD) analysis was 
performed ( Figure 6.6). The control gold nanoparticles showed typical reflections of 
(111, 200, 220, 311, and 222) corresponding to the face centred cubic lattice 
structure of crystalline gold. XRD analysis was also performed on samples with 
increasing concentration of mercury (Figure 6.6 a). Initially, there was no notable 
change in the XRD patterns, especially at lower concentrations of mercury. However, 
at the higher concentration of 200 µM HgCl2, a notable change in the peaks was 
observed. At this concentration, (Figure 6.6 b), four new peaks were apparent, in 
addition to the peaks due to the metallic gold. These new peaks arise due to the 
gold-mercury amalgamation when gold nanoparticles are exposed to different 
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concentrations of mercury. This phenomenon is clearly visible at the highest 
concentration of mercury (Figure 6.6 b). These results suggest that mercury not only 
significantly contributes to a change in the morphology of the gold nanoparticles but 
also alters their composition by forming an Hg-Au amalgam.  
It is clear from the aforementioned analysis that mercury can be detected 
atlow concentrations of gold nanoparticles wherein mercury not only changes the 
morphology of the gold nanoparticles, but also the crystal planes of the gold 
nanoparticles. In order to further probe the interactions between the mercury and 
gold nanoparticles, FTIR spectral characterization was undertaken. Figure 6.7 shows 
the FTIR spectra obtained from pristine gold nanoparticles, gold nanoparticles 
incubated with sodium borohydride and gold nanoparticles exposed to different 
concentration of HgCl2. 
 
Figure 6.7 FTIR spectra of (a) leaf extract, gold nanoparticles and gold 
nanoparticles in the presence of NaBH4. (b) FTIR spectra of gold nanoparticles 
exposed to different concentrations of HgCl2 in the presence of reducing 
agent, NaBH4. The numbers (i), (ii), (iii), (iv), (v), and (vi) corresponds to 
vibrations arising from primary alcohol, secondary alcohol, tertiary alcohol, 
ketones, aldehydes and esters, respectively. 
The FTIR spectrum of the leaf extract (Figure 6.7 a – green line) shows the 
vibrational frequencies that are characteristic signatures from alcohols, ketones, 
aldehydes and esters. The presence of these functional groups have been outlined in 
Page | 115 
 
many similar studies, however the role of these molecules in the chemical reduction 
of gold ions, stabilization of nanoparticles and their effect on shape control were not 
explored. Moreover, these reports fail to provide conclusive evidence of the possible 
interactions of these organic moieties bound to the gold nanoparticles surface or 
explore their potential applications such as in mercury sensing. In the current study, 
to assess the role of individual organic moieties they have been grouped together 
[coloured boxes (i)-(vi)] in Figure 6.7. The FTIR spectral frequencies observed in the 
present work are assigned as follows [32-35]: 
- 1060-1030 cm-1 corresponds to C-OH stretching frequencies of primary 
alcohols  
- 1120-1080 cm-1 corresponds to C-OH stretching frequencies of secondary 
alcohols   
- 1160-1120 cm-1 corresponds C-OH stretching frequencies of tertiary alcohols 
- 1650-1580 cm-1 corresponds to C=O and C=C stretching frequencies of α, β 
unsaturated ketones 
- 1725-1695 cm-1 corresponds to C=O stretching frequencies of aldehydes 
- 1765 -1720 cm-1 corresponds to C=O stretching frequencies of esters 
As mentioned previously in Chapter 3, based on comparison of the FTIR spectra 
of the leaf extract before and after the reduction of gold ions, showed there was 
significant reduction in the intensity of vibrational bands that correspond to the 
primary and secondary alcohols and it has been reported that very small 
nanoparticles catalyse the oxidation of the alcohol groups, which were not utilized 
during the gold ions reduction [36, 37]. The following chemical equations depict 
the probable chemical mechanism behind the nanoparticles formation. Primary (1) 
and secondary (3) alcohol functional groups were oxidised in the presence of gold 
ions to aldehydes and ketones, while the gold ions were reduced to gold 
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nanoparticles. The aldehydes formed during this first step undergo further 
oxidation to form carboxylic acids (2) and these carboxylic acids react with 
alcohols to form esters, catalysed by the protons provided by the chloroauric acid 
[38]. Additionally, as-synthesized gold nanoparticles are also known to catalyse 
this esterification process [39]. This is most the probable mechanism to explain 
the observation of a vibrational peak that corresponds to an ester (4). 
 
Scheme 6.1 A schematic representing the possible mechanism involved during 
the reduction of Au3+ to Au nanoparticles, the reversible esterification and Hg2+ 
promoted irreversible hydrolysis of esters.  
The ketones that are formed as by-products may stabilize the nanoparticles, a 
process that has been reported in the literature [40]. This leave supported by the 
observation of strong ketone vibrations in the FTIR spectrum after the leaf extract 
was used for the reduction of gold ions. However, when these gold nanoparticles 
were exposed to higher concentrations of mercuric ions (100 µm and 200 µm) in the 
presence of sodium borohydride, the vibrational modes that correspond to ester 
carbonyl groups were absent (Figure 6.7 b). From the TEM analysis, it was clearly 
shown that the sharp edges of the prisms disappeared after the addition of mercuric 
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ions and sodium borohydride, which eventually transformed into spherical shapes at 
higher concentrations of mercuric ions. XRD analysis showed that reduction of 
mercuric ions into elemental mercury resulted in the formation of an amalgam with 
the gold nanoparticles. Therefore, the amalgamation reaction occurs initially at the 
surface of the edges and tips of the prisms, which over time become more spherical 
in shape. The edges and tips of the nanoprisms act as active catalytic sites to 
transfer electrons from sodium borohydride to mercuric ions thereby forming 
elemental mercury. There are many reports that have shown that the sharp edges of 
the metal nanoparticles act as electron sinks [41, 42], which can act as catalytic sites 
for the reduction of mercuric ion by NaBH4. However in order to adsorb mercuric ions 
onto the surface of the nanoprisms, certain functional groups may be present on the 
surface of the nanoparticles to chelate the mercuric ions. It is well-known that Hg2+ 
promotes the irreversible hydrolysis of esters [43, 44] into carboxylic acids and 
alcohols. These carboxylic acids are known to chelate mercuric ions [45], therefore 
these acid groups tend to anchor the mercuric ions (by chelation) on the surface of 
the nanoparticles. These adsorbed mercuric ions can subsequently be reduced by 
sodium borohydride and the elemental mercury formed during the reaction can 
amalgamate with the gold surface.  Therefore, the loss of ester group vibrational 
frequencies and the observation of strong vibrations pertaining to carboxylic acid and 
alcohols provide significant insights into the possible mechanism involved during the 
interaction between gold nanoparticles and mercury ions. It is therefore clear how the 
amalgamation led to the deformation of nanotriangles to spheres or why the growth 
of smaller spheres to large nanoparticles was observed in the TEM images (Figure 
6.4). Additionally, the accelerated response in the presence of mercury ions can also 
be associated with the anisotropic nanoparticles as it has been reported that the 
sharp edges observed in triangular and hexagonal particles are highly reactive and 
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this promotes faster amalgamation at the edges [31]. These results highlight the 
importance of anisotropic particles for mercury ion sensing. It is also important to 
note that the gold concentration plays a critical role in the sensitivity and reducing the 
gold concentration also provides a viable way to enhance the sensitivity of this 
technique. Such influence suggestion “less is more” is a rather new observation, 
which has not yet been reported. 
6.4 Conclusion 
The current study outlines the ability of gold nanoparticles synthesised using a 
biological ‘green’ synthetic method for mercury ion sensing. The gold nanoparticles 
synthesised using C. tamala leaf extract, containing a mixture of spherical and 
anisotropic particles, showed practical applicability in mercury ion sensing. This was 
based on the fact that mercury readily amalgamates with gold. Of particular 
importance is the fact that the sharp edges observed in triangular and hexagonal 
particles are highly reactive and promote faster amalgamation at the edges. As the 
gold nanoparticles used in this body of study encompassed both spherical and 
anisotropic particles, the resultant UV-Visible spectra obtained after exposing the 
nanoparticles to mercury showed a change in both the transverse and longitudinal 
SPR features. Additionally, different concentrations of gold were also utilised to 
increase the sensitivity of mercury detection wherein gold concentrations of 0.025 
mM showed the ability to detect 0.2 µM concentrations of mercuric ions. The 
amalgamation of gold and mercury were particularly evident at high mercury ion 
concentrations where the diffractions specific to the amalgam were prevalent. 
Furthermore, the amalgamation also had a significant effect on the size and shape of 
the nanoparticles. FTIR analysis also provided vital clues on the mechanistic 
understanding of these interactions wherein the mercury ions promoted irreversible 
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hydrolysis of esters present in the nanoparticle solution, suggesting a role of organic 
compounds in mercury ion binding. 
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7.1 Summary of the work 
The size and shape of nanoparticles play a critical role in controlling the physical, 
chemical and optical properties making them suitable for their applicability in 
environmental, biotechnological, electronics and biomedical fields. Although chemical 
synthesis routes are predominately used for the synthesis of metal nanoparticles, the 
need to address the cost, high energy consumption and hazardous by-products in 
chemical synthesis routes has led to explore alternative eco-friendly strategies for 
efficient nanoparticles synthesis. The use of biological entities for the synthesis of 
nanoparticles provides a simple and cost-effective approach addressing some of the 
limitations met in chemical synthesis routes. With much research, there are several 
biological entities including bacteria, algae, plants and plant extracts that are used for 
the synthesis of metal nanoparticles. In particular, the synthesis of gold nanoparticles 
using such an approach is highly desirable given the biocompatible nature of gold in 
mammalian systems. Additionally, controlling the shape and size to fine-tune the optical 
properties of the nanoparticles synthesised using such a biological route is an area that 
requires more attention. This thesis is an attempt to address the important role of 
physico-chemical environment in fine-tuning the optical properties that enables these 
biosynthesised gold nanoparticles to be further exploited for mercury ion sensing.     
 A simple yet elegant biosynthesis approach has been demonstrated to 
synthesise gold nanoparticles of different size, shape and optical properties. In 
particular, the important influence of the physico-chemical environment in controlling the 
morphology of the gold nanoparticles towards formation of nanoprisms has been 
validated. The current work using the extract of Cinnamomum tamala leaf (bay leaf) to 
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reduce gold ions provides new mechanistic understandings on the possible role of the 
different functional groups in reducing and stabilising gold nanoparticles. Specifically, 
the physico-chemical environment studied in this work includes (i) phytochemical 
extraction method, (ii) amount of plant extract as a reducing/capping agent, (iii) 
temperature, (iv) halide ions and (v) CTAB. Each of these provided experimental 
evidence on their ability to control the shape and size of gold nanoparticles thereby 
having a significant effect on the optical properties of these nanoparticles.      
The use of different extraction methods allowed extracting different amount of 
phytochemicals from the leaf extract leading to different level of controls over the optical 
property of the gold nanoparticles. Further, the amount of reducing agent provided a 
simple strategy to fine-tune the optical property thereby excluding the need to use 
external shape directing agents or multiple steps during the nanoparticle synthesis. The 
reduction of gold ions by the plant extract was carried out at different temperatures 
demonstrating that low temperatures promote the formation of nanoprisms. This clearly 
indicated that temperature plays a key role in nanoprisms formation and this control over 
the morphology is kinetically controlled. In fact, varying the amount of plant extract as a 
reducing agent allowed fine-tuning the optical properties of the gold nanoprisms. 
Detailed FTIR analysis allowed decoding the possible reaction mechanism wherein 
secondary alcohols and ketones were found to be responsible for the reduction and 
stabilization of gold nanoparticles, respectively. 
In addition to the physical environment, addition of shape directing agents such 
as CTAB and halide ions during biological synthesis of nanoprisms was also 
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investigated. The differential adsorption ability of different halide ions to bind to different 
crystallographic planes of growing gold nanocrystals demonstrated the ability to not only 
control the morphology but also the growth of selected facets of the gold nanoparticles. 
Studying the role of CTAB, a surfactant, in gold nanoparticles growth using a 
biosynthesis approach provided new and important information. This is predominately 
notable as the role of surfactants has not been hitherto studied in the context of 
biosynthesis approaches.     
A particular challenge on the applicability of biosynthesised nanoparticles was 
addressed by using the gold nanoparticles for mercury ion sensing. The need for pure 
gold nanoprisms for mercury ion sensing was challenged by exploiting both the change 
in transverse and longitudinal surface plasmon resonance (SPR) features of nano-gold 
in the presence of mercury. This allowed using a mixture of isotropic and anisotropic 
gold nanoparticles for efficiently sense mercury ions in aqueous solutions.    
7.2 Scope for future work   
The thesis describes a simple biosynthesis approach for the synthesis of gold 
nanoparticles, the important role of physico-chemical environment in controlling the 
shape and size of nanoparticles and their applications in mercury ion sensing. Further 
shape control can be introduced in future like other shapes, due to the increased 
importance of nanoparticle shape in controlling their optical properties. Potassium 
tetrabromoaurate [KAuBr4], Bis(ethylenediamine)gold(III) chloride [Au(en)2]Cl3 and gold 
(I) compounds can be used as gold ion precursors and reducing these ions with the 
Cinnamomum tamala leaf extract to form nanoparticles. The reduction kinetics of these 
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ions must be different and the influence of counter ions during the formation of 
nanoparticles, may also influence the reaction kinetics leading to anisotropic 
nanoparticles of different morphologies. Such investigations may be the scope of future 
investigations, for which the current thesis has already set a strong foundation. 
Use of different solvents used to extract the phytochemicals present in the dry 
leaf may also have considerable effect on the nanoparticle growth kinetics due to the 
change in dielectric constant of the solvent. Additionally, the use of different solvents will 
allow extracting different phytochemicals due to the change in solvent polarity. This will 
provide further mechanistic information on the role of phytochemicals in controlling the 
shape and size of nanoparticles. Additionally, varying the pH during nanoparticle 
synthesis will also provide a simple strategy to tune the SPR absorption of the 
nanoparticles. 
The current work also provides new mechanistic understanding on the role of 
different functional groups involved during the reduction of gold ions to gold 
nanoparticles and in stabilising these particles. This study demonstrates the group of 
molecules (e.g. alcohols and ketones) that are responsible for gold ion reduction and 
morphology control. However, to conclusively provide evidence of these processes, 
different compounds belonging to each class of these functional groups must be 
separated and used independently to ascertain the mechanism of reduction and 
stabilisation. Elaborate analytical chemistry techniques need to be employed in the 
future to precisely pin-point the biochemical species responsible for size and shape 
control of gold nanoparticles. Gaining such knowledge will allow extending not only the 
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use of C. tamala extract for the synthesis of other noble metal nanoparticles, but also 
other plant extracts for the synthesis of a range of nanomaterials in a systematic 
manner.       
The biological applications of these materials can also be studied because most 
of the phytochemicals present in C. tamala have anti-pyretic and anti-oxidant properties. 
These molecules when bound to the nanoparticles can influence such biological 
properties by allowing stabilisation of these molecules on the nanoparticle surface. In 
the present work, it was shown that gold nanoparticles synthesised using C. tamala leaf 
extract can be used for mercury ion sensing based on the changes observed in the SPR 
absorption due to its interaction with mercury. Similarly, gold nanoparticles are known to 
enhance the Raman scattering of a molecule by several orders of magnitude when they 
are in close proximity to the nanoparticle surface and this property can be utilized for (i) 
chemical and biochemical sensing using surface enhanced Raman scattering (SERS) 
and (ii) to identify molecules that are bound on biosynthesised gold nanoparticles during 
reduction and stabilisation processes. Additionally, the use of these nanoparticles in 
catalysis is another potential area as the sharp edges and active sites prevalent in 
anisotropic nanoparticles can be effective sites for many chemical and electrochemical 
transformations.  
In summary, the systematic investigation in the current thesis has laid a strong 
foundation on influence of various physico-chemical parameters on plant extract-
mediated synthesis of gold nanoparticles and showed potential applications of these 
materials in optical tuning and mercury ion sensing. This will provide a strong rationale 
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to further expand this work towards obtaining deeper mechanistic insights and employ 
the materials prepared during this course of research for a variety of other applications 
including, catalysis, SERS sensing and biology. 
 
